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ABSTRACT 
In this thesis, a set of wheat varieties (Triticum aestivum L.) produced by the Value 
Added Wheat Cooperative Research Centre with lower swelling power as compared to 
commercial Australian wheat varieties were studied to enhance our understanding of the 
role of amylose in starch functionality. These starches originated from a heterogeneous 
genetic background and had a narrow range of elevated amylose content (35 to 43%) 
linked with diverse functional properties. Small-angle X-ray scattering together with 
complementary techniques of differential scanning calorimetry and X-ray diffraction have 
been employed to investigate the features of starch granular structure at the nanometer 
scale. Starch chemical structure was characterized in terms of amylose content and 
amylopectin chain length distribution. Starch functionality was studied by a series of 
swelling, pasting and enzymic digestion methods. 
This study showed that swelling power of flour is a simple test that reflects a number 
of industrially relevant characteristics of starch, and therefore can be used as an indicator 
of amylose content and pasting properties of starch. In contrast to waxy starches and 
starches with normal amylose content, wheat starches with increased amylose content 
displayed characteristic pasting properties that featured decreasing peak, breakdown and 
final viscosities with increasing amylose contents. Existence of a threshold value in 
amylose content, above which final viscosity of starch paste does not further increase with 
increasing amylose content, was proposed. Variability in amylopectin chain length 
distribution was shown to have an additional effect on the swelling and pasting properties 
of the starches. 
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On the molecular level, increased amylose content was correlated with increased 
repeat spacing of the lamellae present in the semicrystalline growth rings.  In agreement 
with current understanding of starch synthesis, amylose was shown to accumulate in both 
crystalline and amorphous parts of the lamella. Using waxy starch as a distinctive 
comparison with the other samples confirmed general trend of increasing amylose content 
being linked with the accumulation of defects within crystalline lamellae. Amylose content 
was shown to directly influence the architecture of semicrystalline lamellae, whereas 
thermodynamic and functional properties were proposed to be brought about by the 
interplay of amylose content and amylopectin architecture. 
Subjecting starch granules with varying amylose content to pancreatic α-amylase 
showed differences in their digestion patterns. Pancreatic α-amylase preferentially attacked 
amorphous regions of waxy starch granules, whereas these regions for initial preferential 
hydrolysis gradually diminished with increasing amylose content. Observed variations in 
the extent of enzymic digestion were concluded to be primarily determined by the level of 
swelling of amorphous growth rings, which can also explain observed morphologies of 
partly digested granules with varying amylose content. It was confirmed that access to the 
granular components is not a function of the extent of crystallinity but rather the spatial 
positioning of the crystalline regions within the granule. Digestion kinetics is governed by 
factors intrinsic to starch granules, whereas influence of enzyme type was shown to be 
critical in determining the absolute rate of hydrolysis. Wheat starches with increased 
amylose content offer the potential to be used as slow digestible starch, mostly in their 
granular form or when complexed with lipids. Differences among varieties largely 
diminished when starches were gelatinized or allowed to retrograde demonstrating the 
importance of granular structure on starch hydrolysis.  
 ix
Wheat varieties used in this study displayed widely differing pasting properties in a 
Rapid Visco Analyser (RVA) and textural characteristics of the respective retrograded 
starch gels. Varietal differences in starch chemical composition among wheat varieties 
were shown to have significant effect on the extent of the response of starch viscoelastic 
characteristics to the addition of monopalmitin. Amylose content was positively correlated 
with the increase in final viscosity, which was attributed to the presence of more amylose 
in non-aggregated state contributing to higher apparent viscosity of the starch paste. 
Comparison of stored gels obtained from amylose-rich starches with gel prepared from 
waxy wheat varieties confirmed the critical role of amylose on the formation of starch 
network and thus providing the strength of the gel. Lack of correlation between textural 
properties of stored gels with amylose content or rheological characteristics measured by 
the RVA indicated that subtle differences in starch structure may have far-reaching 
consequences in relation to the strength of the gels, although these differences may have 
only limited effect on pasting properties in the RVA 
Viscoelastic properties of starch paste prepared from commercial wheat starch were 
significantly altered depending on the chain length and saturation of the fatty acid of the 
monoglyceride added during repeated heating and cooling in the Rapid Visco Analyser. 
Varying effects of different monoglycerides on the paste viscosity were attributed to 
different complexation abilities of these lipids with starch. It was proposed that stability 
and structure of the starch-lipid complexes formed affect the viscosity trace of the paste 
subjected to multiple heating and cooling. Our study indicated that differing 
monoglycerides in combination with the number of heat-cool cycles can be used to induce 
form I or form II starch-lipid complexes and thus manipulate paste rheology, gel structure 
and resistant starch content. 
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1 Chapter 1  
LITERATURE REVIEW 
1.1 Preface 
Starch is the primary component of most plant storage organs – tubers, cereal grains 
and legume seeds – and its importance, both biologically and technologically, is well 
known. Not only does starch represent an essential food energy source for the global 
human population but, for its availability, biodegradability and versatility, it is also 
considered as an energy source and source of biofuels as a substitute for fossil fuels. Such 
anticipations generate intensive studies on structure, properties and novel ways of 
utilization of starch based materials. Starch also contributes greatly to the structure (texture 
or viscosity) of a wide range of home-prepared and manufactured foods. Thus increased 
understanding of the starch, interaction between starch and lipids, and their importance in 
modern food processing is of vital importance to both manufacturers and consumers. This 
is particularly relevant in respect to the possibility of improving the nutritional 
characteristics of foods by modifying native starch properties or inducing interactions 
between food components. This review seeks to identify some of the key successes in 
describing basic concepts of starch chemistry and technology with focus on interactions 
between starch and lipids. 
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1.2 Structure of starch granules 
1.2.1 Starch components 
Starch, the major storage polysaccharide of higher plants, is a polymeric mixture of 
essentially linear and branched α-D-glucan molecules. Starch is deposited in the form of 
granules, partially crystalline, whose morphology, chemical composition, and 
supermolecular structure are characteristic of each particular plant species. Variation in 
starch structure exists between and within plant species due to genetic and environmental 
effects. Starch owes much of its functionality to two major high-molecular-weight 
carbohydrate components, amylose and amylopectin, as well as to the physical 
organization of these macromolecules into the granular structure (Paredes-Lopez et al., 
1994). 
Amylose and amylopectin represent approximately 98–99% of the dry weight of 
starch granules. The ratio of the two polysaccharides varies according to the botanical 
origin of the starch. Amylopectin is the major component of most starches, with the 
amylopectin content in starch varying from close to 100% (e.g., in waxy starches from 
wheat, barley, maize, and rice) to less than 30% amylopectin (e.g. in the wrinkled pea and 
in amylomaizes). A third component, intermediate materials, has been identified in some 
starches (Lansky et al., 1949) but discussion remains whether this material should be 
classified as amylose or amylopectin or as a separate component. 
Amylose and amylopectin have different structures and properties (Fig. 1.1). 
Amylose is a relatively long, linear α-glucan with few branches, containing around 99% 
(1→4)-α- and up to 1% of (1→6)-α- linkages and differing in size and structure depending 
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on botanical origin. Amylose has a molecular weight range of approximately 1 × 105 - 1 × 
106 (Buleon et al., 1998; Mua & Jackson, 1997), degrees of polymerization (DP) of 100–
10,000 monomer units with around 9–20 branch points equivalent to 3–11 chains per 
molecule (Hizukuri, et al., 1981; Mua & Jackson, 1997; Takeda et al., 1987; Wang & 
White, 1994; Yashushi et al., 2002; Yoshimoto et al., 2000). Each chain contains 
approximately 200-700 glucose residues equivalent to a molecular weight of 32,400-
113,400 (Tester & Karkalas, 2002). 
Amylopectin is one of the biggest molecules in nature; it is the principal component 
in the majority of starches and perhaps the most important in terms of its functional 
properties. Substantial progress in investigating the fine structure of amylopectin has 
become possible due to the use of highly purified amylolytic enzymes (Manners, 1989). 
Amylopectin with a molecular weight of 1 × 107 – 1 × 109 is a much larger molecule than 
amylose. Amylopectin has a heavily branched structure built from about 95% α-(1→4) and 
5% α-(1→6) linkages (Buleon et al., 1998). The degree of polymerization comprises three 
major species with average DPs of 13,400–26,500, 4,400–8,400 and 700–2,100 (Takeda et 
al., 2003).  
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 Figure 1.1: Structure of amylose and amylopectin. Adapted from Tester & Karkalas (2002). 
 
In common with amylose, the molecular size, shape, structure and polydispersity of 
the molecule varies with botanical origin. Unlike amylose, however, there is great 
additional variation with respect to the unit chain lengths and branching patterns. 
Amylopectin unit chains are relatively short compared to amylose molecules with a broad 
distribution profile. They are typically 18–25 units long on average although the range is 
extended (19–31) if high-amylose starches are also included (Yoshimoto et al., 2000). The 
individual chains can be specifically classified in terms of their lengths and consequently 
position within starch granules (Hizukuri, 1985, 1986). Short unit chains are clustered 
together, and the units of clusters are interconnected by longer chains. In the classical 
nomenclature by Peat et al. (1952), A-chains are defined as unsubstituted, whereas B-
chains are substituted by other chains. The macromolecule also contains a single C-chain 
that caries the sole reducing end group (Fig. 1.2). The chain is not, however, distinguished 
from B-chains in most experiments. The B-chains are further subdivided into Ba-chains, 
defined as those substituted with at least one A-chain (and possibly other A- and/or B-
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chains), and Bb-chains that are only substituted with one or more B-chains. The B-chains 
are also divided according to their positions in the cluster structure model proposed by 
Hizukuri (1986). Thus, B1-chains are short chains, being components of the unit clusters, 
whereas B2, B3, etc., are long chains that span over two, three, or more clusters, thereby 
interconnecting them. This classification of B-chains is not used for amylose, because 
clusters are not found in that component (reviewed by Bertoft, 2004). 
 
Figure 1.2: A cluster model for the arrangement of amylopectin chains: (A, B) indicate the position of 
A and B chains in one cluster and (C) indicates the position of the C chain in the molecule with its 
reducing end, R. Adapted from Wang et al. (1998). 
 
1.2.2 Granular structure at different length scales 
The microcrystalline nature of starch granules has been the subject of numerous 
studies and a prolific list of publications is available dating back to the early 1930s (Tester 
et al., 2004). According to the rules of crystallography, regular three-dimensional 
geometrical patterns interact with electromagnetic waves of short wavelength (X-ray) to 
give a characteristic diffraction pattern. X-ray diffraction (XRD) analysis therefore 
represents a very useful technique to study crystallographic organization within starch 
granules and is often complemented by scanning electron microscopy (SEM) and by 
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transmission electron microscopy (TEM). More recently atomic force microscopy (AFM) 
has become an important tool for structural studies. These techniques have reached a high 
level of sophistication and modern instruments can probe deeply into the starch granule 
and provide detailed information. Wide angle X-ray scattering (WAXS) and small angle 
X-ray scattering (SAXS) are used in parallel to reveal the complex ultrastructure of the 
granule and quantification of crystallinity and polymorphic forms or crystalline laminates, 
respectively (Tester, 1997; Tester et al., 2004). Small angle neutron scattering (SANS) is 
also used to understand architectural aspects of the starch granules and complements the 
X-ray techniques. 
Semicrystalline native starch granules display a hierarchical structural periodicity 
(Fig. 1.3). When observed by light and electron microscopy, starch granules have a 
characteristic layered structure. This feature is the result of multiple concentric shells of 
increasing diameter extending from the hilum (the centre of growth) towards the surface of 
granules. These so-called ‘growth rings’ represent periodical deposition of starch (Baker et 
al., 2001; Donald, 2001; Donald et al., 2001; Gallant et al., 1997; Ridout et al., 2002). 
These layers are alternating regions of high and low density, refractive index, crystallinity 
and resistance to acid and enzymic hydrolysis. The thickness of the radial growth rings is 
typically 120 to 400 nm. The low-density amorphous rings consist of amylose and 
amylopectin in a disordered conformation, whereas the dense semicrystalline rings are 
formed by a lamellar structure of alternating crystalline and amorphous regions with a 
repeat distance of 9 to 11 nm (Cameron & Donald, 1992). The crystalline regions of the 
lamellae are mainly formed by double helices of amylopectin side chains packed laterally 
into a crystalline lattice, whereas amorphous regions contain amylose and the amylopectin 
branching points. Amylopectin clusters may contain amylose tie-chains, which are amylose 
molecules that pass through both the crystalline and amorphous layers. It is proposed that 
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these amylose tie molecules are in a straightened conformation in crystalline regions and in 
a disordered conformation in amorphous regions (Kozlov et al., 2007a; Matveev et al., 
1998). Although different levels of organization within the granule are broadly understood, 
there are still uncertainties - for instance at the level of organization between growth rings 
and lamellar architecture. At least two models have been proposed to describe 
arrangements at this length scale, these are Oostergetel’s model of superhelices 
(Oostergetel & van Bruggen, 1993) and the theory of blocklets (Gallant et al., 1997; Peng 
et al., 2007). 
 
Figure 1.3: Overview of starch granule structure: (a) the whole granule, (b) the lamellae, and (c) the 
polymer chains. Adapted from Waigh et al. (1996).  
 
The ability to view the lamellar semicrystalline structure only in hydrated starch 
and not in dry starch led to the definition of a ‘liquid crystalline’ model for starch 
(Cameron & Donald, 1992; Waigh et al., 1996). In this model, side chains of amylopectin 
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are considered to behave as a liquid-crystalline polymer (Cameron & Donald, 1992; 
Jenkins et al., 1993; Waigh et al., 2000a). In the presence of water, plasticization of 
amylopectin branch points, which act as flexible spacers, allows the double helices to be 
decoupled from the polymer backbone and aligned into lamellar register, resulting in a 
transition from the nematic (disarranged) to smectic (aligned) phase (McArdle, 1989; Fig. 
1.4). In the absence of water, the branch points become less flexible, pulling the double 
helices out of register and leading to the development of a nematic phase, in which the 
long range correlation between the layers is lost. However, correlations persist within the 
double helices, which give rise to diffraction peaks in wide-angle X-ray patterns (Waigh et 
al., 1998). 
 
 
Figure 1.4: Lamellar structure of smectic side-chain liquid-crystalline polymer, including a schematic 
diagram of flexible spacer and rigid mesogen units (a) out of register and (b) in register. Adapted from 
Daniels & Donald (2004). 
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1.2.3 Starch crystallinity 
Starch granules are far from being perfect crystals. They consist of crystalline and 
amorphous regions and the degree of crystallinity is in the range of 15 to 50%, depending 
on their origin and the methods used, with an average of about 35%. Furthermore, there is 
an optimum moisture content (about 27%) at which maximum crystallinity is observed, 
while a minimum of 8% water is necessary for the starch to give a diffraction pattern 
(Imberty & Perez, 1988). 
For amylopectin-rich starches it is understood that the origin of crystallinity is due 
to the intertwining of the outer chains of amylopectin in the form of double helices. These 
associate together with specific amounts of structural water resulting in formation of the 
crystalline lamellae, leaving the branch points in the amorphous lamellae (as described in 
section 1.2.2). Amylose molecules are believed to be interspersed between amylopectin 
and most of the amylose is probably located in the low density layers of the growth rings 
(Hedley et al., 2002; Sarko & Wu, 1978). Therefore, amylose does not appear to have any 
significant effect on crystallinity in normal and waxy starches, both of which display 
strong birefringence. In high amylose starches, however, the amylose may contribute 
significantly to the crystallinity, although the exact nature of the crystalline polymorphs 
may be different (Buleon et al., 1998; Hoover, 2001; Matveev et al., 2001; Tester & 
Karkalas, 2002; Tester et al., 2000, Zobel, 1988). 
X-ray diffraction analysis of native starches yields two types of spectral patterns, A 
type and B type, which points to two types of crystalline structures. Cereal starches yield 
the A-type pattern, whereas tuber starches and amylose-rich starches yield the B-type 
pattern (Fig. 1.5). Legume, root and some fruit and stem starches yield an intermediate (C-
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type) pattern, which appears to be a mixture of A- and B-type patterns rather than a distinct 
crystalline structure (Buleon et al., 1998; Cairns et al., 1997l Imberty et al., 1991; 
McPherson & Jane, 1999; Sevenou et al., 2002).  
The structure of starch crystalline polymorphs has been studied extensively. Early 
work by Wu & Sarko (1978a,b) showed that crystalline amylose forms double helices with 
single helix lengths of 2.1 nm (equivalent to double helical pitch of 1.05 nm) with six 
glucose residues per single helix pitch. Although these early studies suggested that the 
double helices were right-handed, parallel helices, subsequent work showed they may be 
left-handed (Oostergetel & van Bruggen, 1993), anti-parallel and left-handed (Eisenhaber 
& Schultz, 1992), but most probably, crystalline structure is made up of a hexagonal 
arrangement in which left-handed double helices packed in a parallel fashion are combined 
with structured water (Gidley, 1989; Imberty & Perez, 1988; Imberty et al, 1988). In 
contradiction to these observations, certain authors have proposed that although V-type 
amylose complexes may be left-handed, the double helices (A- or B-type polymorphs) may 
be right-handed (Veregin et al., 1987).  
The double helices within the A- and B-type polymorphic forms are essentially 
identical with respect to helical structure (Gidley, 1987; Imberty et al., 1991). However, 
the packing of these double helices within the A-type polymorphic (crystalline) structure is 
relatively compact with low proportion of structural water, whilst in B-type crystallites the 
double helices are less densely packed creating a more open structure and contain a 
hydrated helical core (Fig. 1.5). The factor that most likely influences the pattern in plants 
is the length of the amylopectin chains, which are shorter in A-type starches. Both amylose 
and amylopectin can form crystalline structures. It is assumed that branching points of 
amylopectin favor helix formation. However, crystalline structures present in native starch 
 10
granules are probably mostly amylopectin because the steeping of starch granules in water 
leaches out amylose, leaving both the amylopectin and the crystallinity intact (reviewed by 
Annison & Topping, 1994). Apart from the chain length, numerous other factors are 
known to influence the crystalline type of starches: temperature, concentration of the starch 
solution, salts and organic molecules (Gidley, 1987).  
 
Figure 1.5: A- and B-type polymorphs of amylose. Adapted from Wu and Sarko (1978b). 
 
For pure malto-oligosaccharides and amylolytic enzyme resistant starches, the 
minimum chain length required to form double helices is 10, although shorter chains may 
form helical structures if longer chains are present (Gidley & Bulpin, 1987; Gidley et al., 
1995). The relatively short exterior chains of cereal starch amylopectin molecules (chain 
length 14–20, or <20) favor the formation of A-type crystalline polymorphs (of double 
helices), with the longer exterior chains of tuber starches (chain length 16–22, or >22) 
favoring the formation of B-type polymorphs.  
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The presence of helical structures within starch granules (and solubilized/dispersed 
glucans) has been extensively researched by 13C nuclear magnetic resonance (13C NMR) 
and in particular 13C cross polarization-magic angle spinning/nuclear magnetic resonance 
and 13C-single pulse magic angle spinning, which reveals the presence of, or capacity to 
form single and double helical amylopectin and amylose structures, amylopectin–amylose 
helices/co-complexes and amylose–lipid V-type inclusion complexes (Bogracheva et al., 
2001; Paris et al., 1999; Tamaki et al., 1998; Tester et al., 2000; Yusuph et al., 2003). 
“Starches of different botanical origins and within a given species vary in double 
helical content. This variation may in part reflect difficulties with respect to integrating the 
NMR spectra. Importantly, not all of the amylopectin fractions in starches form double 
helices. If all amylopectin were capable of forming double helices, normal starches would 
contain about 70% and waxy starches more than 95% of glucose units existing in the form 
of double helical structures. However, this is simplistic since it is necessary to differentiate 
between exterior chains that have the capacity to form double helices and non-helical 
forming regions within amylopectin” (Tester et al., 2004). 
In a paper by Qi et al. (2003), the proportion of double helices as a fraction of the 
short chains of amylopectin was calculated. These data show that in fact more than 80% of 
short chains can form double helices in rice starches. Although amylopectin is the 
predominant crystalline component in starch, where amylose may be considered as a 
diluent to amylopectin (Tester & Morrison, 1990), there is NMR evidence that in high 
amylose starches, amylose forms double helices and potentially crystalline arrays (Shi et 
al., 1998; Tester et al., 2000). The tendency for amylose molecules to aggregate, especially 
around DP 100 (Gidley & Bulpin, 1989), is limited in starches because of the presence of 
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amylopectin. Indeed, certain authors propose that amylose disrupts amylopectin crystallite 
formation (Cheetham & Tao, 1998b). 
Ordering of starch granules varies from the hilum to the periphery (Sevenou et al., 
2002). Certain pea mutants show different proportions of A- and B-type polymorphs 
within the starch granule and are used as a model to understand the development of the 
different polymorphs (Hedley et al., 2002). Indeed, the centers of pea starch granules are 
rich in B-type whilst peripheral regions are rich in A-type polymorphs (Bogracheva et al., 
1998). There is a transition from A- to B-type polymorphic forms within maize starch 
granules accompanying a decrease in crystallinity but increase in apparent amylose content 
(Cheetham and Tao, 1998a). 
 
1.3 Plant starch biosynthesis 
 Starch is deposited in granules in almost all green plants and in various types of 
plant tissues and organs, e.g. leaves, roots, shoots, fruits, grains, and stems. In leaves, 
illumination by light causes the formation of starch granules in the chloroplast organelle 
due to carbon fixation during photosynthesis. Starch formed in the light is degraded in the 
dark to products that are in most cases utilized for sucrose synthesis. In storage organs, 
fruit or seeds, starch synthesis occurs during the development and maturation of the tissue, 
whereas, at the time of sprouting or germination of the seed or tuber, or ripening of the 
fruit, starch degradation in these tissues then occurs and the derived metabolites are used a 
source both for carbon and energy (Badenhuizen, 1969). The main site of starch synthesis 
and accumulation in the cereals is the endosperm, with starch granules being located within 
amyloplasts. 
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Starch biosynthesis is a complex process and as such has been investigated and reviewed 
by a large number of authors (Buleon et al., 1998; Denyer et al., 2001; Emes et al., 2003; 
Morell et al., 1995, 2003, 2005; Smith et al., 1997; Tester & Karkalas, 2002). Sucrose 
(derived from photosynthesis) is the starting point for α-glucan deposition (Fig. 1.6). In the 
cell cytosol the sucrose is converted to uridine diphosphate glucose (UDP-glucose) and 
fructose by sucrose synthase, the UDP-glucose being subsequently converted to glucose-1-
phosphate (G-1-P) in the presence of pyrophosphate (PPi) by UDP-glucose 
pyrophosphorylase. This is then itself converted to glucose-6-phosphate (G-6-P) by 
phosphoglucomutase. The G-6-P is translocated across the amyloplast (the intra-cellular 
organelle responsible for starch biosynthesis in storage tissues) membrane by specific 
translocators and is converted to G-1-P by phosphoglucomutase. There is some evidence 
that, in cereals at least, G-1-P may be (a) translocated directly into the amyloplast or (b) be 
converted to, and translocated as, adenosine diphosphate glucose (ADP-glucose) generated 
as a consequence of cytosol based adenosine diphosphate (ADP)-glucose 
pyrophosphorylase activity in the presence of adenosine triphosphate (ATP). Using 
amyloplast located ADP-glucose pyrophosphorylase, G-1-P within the amyloplast is (also) 
converted to ADP-glucose and provides glucose residues for amylose and amylopectin 
biosynthesis (Fig. 1.6). Starch synthases (of which there are commonly considered to be 
two major classes, ‘granule bound’ and ‘soluble’, with a number of isoforms of each) add 
glucose units to the nonreducing ends of amylose and amylopectin molecules. Granule 
bound starch synthase can elongate malto-oligosaccharides to form amylose and is 
considered to be responsible for the synthesis of this polymer. Soluble starch synthase is 
considered to be responsible for the synthesis of unit chains of amylopectin. Starch 
branching enzyme creates branching in amylopectin by linking linear chains (branches) to 
the growing amylopectin molecule. Another enzyme, a debranching enzyme, most 
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probably is involved in synthesis of the starch granule and its polysaccharide components 
amylose and amylopectin. Soluble α-glucan formed by soluble starch synthase and starch 
branching enzyme is debranched to form amylopectin, and possibly provide a primer in the 
starch granule for amylose synthesis by the granule-bound starch synthesis. Variations in 
granule size (ranging from 1 to 100 μm in diameter), shape (round, lenticular, polygonal), 
size distribution (uni- or bi-modal), association as individual (simple) or granule clusters 
(compound) and composition (α-glucan, lipid, moisture, protein and mineral content) 
reflect the botanical origin. 
 
Figure 1.6: Proposed predominant pathway of carbon incorporation into starch and protein in cereal 
endosperm. Activities involved: (1) sucrose synthase; (2) fructokinase; (3) phosphoglucose isomerase; 
(4) phosphoglucomutase; (5) UDPglucose pyrophosphorylase; (6) hexose phosphate translocator; (7) 
ADPglucose pyrophosphorylase; (8) starch synthase; (9) branching enzyme. Abbreviations used: 
Fru6P, fructose-6-phosphate; Glc6P, glucose-6-phosphate; GlclP, glucose-lphosphate; ADPGlc, 
adenine-5'-diphosphoglucose; UDPGlc, uridine-5'-diphosphoglucose. Adapted from Morell et al. 
(1995). 
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The morphology, structure and properties of the starch granules are largely 
genetically determined. Genetic mutations at loci controlling steps in starch biosynthesis 
allow to significantly modify the shape of starch granules, the proportion of crystalline 
material within the granules, the spatial distribution of the crystals within the granules and 
the proportion of A- and B-type crystallites within the granules (Hedley et al., 2002).  
 
1.4 Analyzing starch structure 
In the literature, numerous other methods are referred to study starch and starch-
lipid complexes. Techniques and methods based on the iodine-binding capacity, 
differential scanning calorimetry and X-ray diffraction are most frequently used. Imaging 
techniques ranging from light microscopy, scanning and transmission electron microscopy 
to atomic force microscopy (AFM) and friction force microscopy provide valuable 
information on the structural features of studied materials. Spectroscopic methods such as 
nuclear magnetic resonance and (Fourier transformed) (near-) infrared spectroscopy 
represent additional means of structural analysis. In literature, numerous other methods are 
referred: small angle neutron scattering, enzymic degradation techniques, swelling tests, 
amylose leaching, polarimetry, viscometry, optical rotation, surface tension, etc. 
 
1.4.1 Chemical techniques 
Although the chemical composition of the starch components is very simple, the 
analysis of their structure is not. For any polymer the sequence of the chemical units, by 
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which it is built up, is of prime importance. Many polysaccharides are composed of at least 
two carbohydrate species but in the starch components and other polyglucans it is difficult 
to organize the single type of carbohydrate into a meaningful sequence. Special parameters 
are therefore in use by which the starch components are characterized. These parameters 
are especially useful for analysis of the complex amylopectin component.  
 Amylose is most commonly determined in cereal starches by the potentiometric, 
amperometric or colorimetric measurement of the iodine binding capacity of amylose with 
the resultant formation of amylose–iodine inclusion complexes. However, these methods 
are subject to uncertainties. Amylopectin–iodine complexes are also formed, which 
reduces the concentration of free iodine measured by the non-colorimetric methods and 
which may absorb at similar wavelengths to amylose–iodine complexes in colorimetric 
methods. These lead to an overestimation of amylose, requiring corrections to be applied. 
Inaccuracies also arise with the use of calibration curves employing amylose only, which 
do not account for absorption by amylopectin-iodine complexes, and with the finding that 
commercial sources of amylose used for calibration curves vary in their iodine binding 
capacity. Additionally, the wavelength of maximum absorbance of amylose–iodine 
complexes increases with increasing degrees of polymerization. Thus, methods based on 
the formation of amylose–iodine complexes, while rapid and convenient, are not readily 
applied to starches from various botanical origins (reviewed by Gibson et al., 1997).  
The structure of the hydrated amylose-iodine complex has been determined by 
combined methods of X-ray diffraction and stereochemical packing analysis (Bluhm & 
Zugenmaier, 1981). The unit cell was identified as orthorhombic with two amylose chains 
passing through the unit cell. Iodide was found as an almost linear chain in the centre of 
the six-fold, left-handed amylose helix. Eight water molecules of hydration per unit cell are 
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located in hydrogen-bonding positions between the amylose helices. The central cavity 
inside the single helix is occupied by approximately three iodine molecules per turn 
(Bluhm & Zugenmaier, 1981). 
Other approaches to amylose measurement, such as by size exclusion 
chromatography after fractionation and enzymic debranching (Sargeant, 1982), are useful 
for fine structure studies but are not adaptable to large sample numbers. Amylose 
determinations by near-infra red transmittance or reflectance spectroscopy or differential 
scanning calorimetry are more rapid but require a reference method for calibration (Gibson 
et al., 1997). 
A large number of specific and simplified methods that solve these uncertainties 
have been developed. For instance, the specific formation of amylopectin complexes with 
the lectin concanavalin A offers an alternative approach to amylose measurement in 
starches (Gibson et al., 1997). Certain methods modify, improve or simplify traditional 
procedures such as determination of amylose with iodine reaction. This methodology 
requires triiodide ion to be generated to initiate the reaction between amylose and iodine 
and this has usually been done by preparing buffered solutions of iodine in potassium 
iodide. A simplified colorimetric procedure for determination of amylose in maize starches 
developed by Knutson (1986) eliminates this step by using dimethylsulfoxide.  
The presence of complexed starch-lipid fraction is evident from iodine binding 
studies where non-defatted amylose from cereal starches has a lower iodine binding 
capacity than the corresponding lipid-extracted material (Morrison, 1995). Specifically for 
quantification of starch-lipid complexes, complexing index (CI) is determined using the 
method that involves the formation of starch-iodine complex and measurement of starch 
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which is not complexed with lipids. The absorbance is related to the portion of starch that 
is complexed to the iodine (Kaur & Singh, 2000). 
 
1.4.2 Microscopic techniques 
Various microscopic methods have been reported in the last decades for the 
analysis of starch structures. The most used techniques include optical, electron and atomic 
force microscopy. An electron microscope is a type of microscope that uses electrons to 
illuminate a specimen and create an enlarged image. Electron microscopes have much 
greater resolving power than light microscopes and can obtain much higher magnifications. 
Some electron microscopes can magnify specimens up to 2 million times, while the best 
light microscopes are limited to magnifications of 2,000 times. Both electron and light 
microscopes create images with electromagnetic radiation, with their resolving power and 
magnification limited by the wavelength of the electromagnetic radiation being used to 
obtain the image. The greater resolution and magnification of the electron microscope is 
due to the wavelength of an electron being much smaller than that of a light photon. 
Transmission electron microscopy involves a high voltage electron beam emitted 
by a cathode, usually a tungsten filament and focused by electrostatic and electromagnetic 
lenses. The electron beam that has been transmitted through a specimen that is in part 
transparent to electrons carries information about the inner structure of the specimen. 
Unlike the TEM, the scanning electron microscope produces images by detecting low 
energy secondary electrons, which are emitted from the surface of the specimen due to 
excitation by the primary electron beam. In the SEM, the electron beam is rastered across 
the sample, with detectors building up an image by mapping the detected signals with 
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beam position. In recent years, many advantages of the environmental scanning electron 
microscopy over conventional high-vacuum SEM allowed an entirely new role for electron 
microscopy in the study of food systems. Not only can the environment around the 
specimen be adjusted to accommodate a far more diverse range of specimens, but the very 
nature of the investigations possible is greatly expanded as well. It is now possible to study 
dynamic processes rather than simply imaging static microstructures. In another 
modification of electron microscopy, in electron tomography, a biological specimen of 
thickness from 0.1 mm to 1.0 mm is imaged over a range of tilt angles to provide a series 
of projections onto planes perpendicular to the beam direction. By back-projecting the 
images and summing over all the orientations it is thus possible to obtain a three-
dimensional reconstruction of the specimen (Frank, 1992). 
Microscopic analysis at the single molecule level can be achieved by scanning 
probe methods such as atomic force microscopy. AFM is a relatively new technique in 
which a surface image is created by scanning a flexible cantilever mounted tip over the 
sample (Fig. 1.7). It has evident advantages for the detection and characterization of 
heterogeneous populations with regards to the amount of material required for a study as 
well as to the level of information that can be acquired. AFM is now an established 
technique providing three-dimensional images with resolution in the nanometre to 
micrometre range. When the tip is scanned sideways, the friction force causes torsion in 
the tip cantilever. A micrograph showing this torsion is termed friction force microscopy 
and enables to study the surface of starch films (Kuutti et al., 1998). 
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 Figure 1.7: Schematic diagram of AFM imaging of partially-embedded starch granules. Adapted from 
Baldwin et al. (1998). 
 
1.4.3 Scattering and diffraction techniques 
Small-angle scattering techniques measure differences in electron density 
distribution, whereas diffraction techniques are indicative of crystallinity of the material. 
Small-angle X-ray scattering and neutron scattering have been shown to be useful for 
studying the arrangement of lamellar structures in semi-crystalline starch granules (Waigh 
et al., 1996). SAXS patterns from hydrated native starches show a broad scattering peak, 
from which the average thickness of the lamellar repeat unit (that is the thickness of the 
crystalline plus amorphous region) can be calculated. In combination with other 
techniques, such as differential scanning calorimetry and X-ray diffraction, the thickness of 
the crystalline region can be calculated (Blanshard et al., 1984; Waigh et al., 1998, 2000a, 
2000b). The position of the SAXS peak is related to the average lamellar repeat length in 
granular starches, whereas peak width and intensity are mainly dependent on the regularity 
of the arrangement of lamellae and the electron density differences between the amorphous 
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and crystalline regions of the lamellar structure. Recent studies using SAXS and high-
sensitivity differential scanning calorimetry have increased our understanding of the 
influence of amylose located within amylopectin clusters in native starch granules (Donald 
et al., 2001; Kozlov et al., 2006; Lopez-Rubio et al., 2007; Vermeylen et al., 2005, 2006). 
 
1.4.4 Spectroscopic techniques 
The presence of starch-lipid complexes in native starch granules was proved by the 
use of the 13C cross polarisation-magic-angle spinning/nuclear magnetic resonance 
(Morrison et al., 1993a).  Signal patterns of 13C-NMR spectra reflect differences in unit-
cell contents, most probably through helix-packing arrangements. NMR spectra of starch 
granules can be analysed in terms of a combination of amorphous and ordered components. 
As NMR spectroscopy is a short-distance range probe, it is considered that detected 
“order” corresponds to double-helix content in contrast to X-ray diffraction, which detects 
only those double helices that are packed in regular arrays. It is therefore not surprising 
that estimates of order by NMR spectroscopy are considerably higher than those obtained 
from X-ray diffraction (Cooke & Gidley, 1992). NMR investigation also confirmed the 
structure of A- and B-type polymorphs of starch due to the displacements of the 13C 
chemical shift that are known to be related to conformational nonequivalences 
(intramolecular contributions) and to variations in local susceptibility (molecular packing 
effects) (Imberty & Perez, 1988). 
Raman spectroscopy has proved to be a useful technique in order to study the 
conformation as well as the environment of carbohydrate chains in the aqueous systems. 
The C-H stretching vibration region is the most sensitive part of the spectra for these 
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structural changes. Raman spectroscopy complemented other techniques in identifying the 
physical state of order of the hydrocarbon chains in the amylose-monoglyceride complex 
(Carlson et al., 1979). 
Near-infrared spectroscopy analysis is an instrumental method sensitive to 
chemical functional groups based on molecular overtone and combination vibrations. Since 
the NIR spectroscopic analysis offers speed, simplicity of sample preparation, multiplicity 
of analyses from a single spectrum, and intrinsic nonconsumption of the sample, it has 
been widely used to measure constituents of many agricultural commodities and food 
products. For instance, NIR technology found its use in monitoring the viscosity 
parameters of gravies in food products (Zeng et al., 1996). 
The possibility to monitor non-destructively the phase transitions of many food 
components during manufacturing or storage is of crucial importance for process control 
and optimisation. From this necessity, widely present in the food engineering field, arose 
the idea of applying low intensity ultrasound to follow the retrogradation process of starch 
during storage at room temperature as applied by Lionetto et al. (2006). 
 
1.4.5 Enzymatic, chromatographic and other techniques 
In enzymatic methods, specific enzymes are used not only to break down starch to 
glucose, but also to catalyze the reaction of the latter with the subsequent 
spectrophotometric measurement. A rapid and quantitative method has been developed for 
the determination of total starch in a wide range of materials, including high-amylose 
maize starches and food materials containing resistant starch. Test kits are also 
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commercially available for the enzymatic determination of resistant and digestible starch 
and their simultaneous determination in food products (McCleary, 2007). 
Chromatographic methods such as gel permeation chromatography and high-
performance size-exclusion chromatography in conjunction with refractive index or light 
scattering detection are very useful for determining gross characteristics such as 
amylose/amylopectin ratios and the distribution of molecular weights. Chromatographic 
techniques collectively have been developed for the separation of mixtures and involve 
passing a mixture dissolved in a mobile phase through a stationary phase, which separates 
the analyte from other components in the mixture. The liquid chromatography 
characterization of starch has always posed a difficult challenge. High-performance liquid 
chromatography (HPLC) techniques with either metal-loaded cation exchange or amino-
bonded silica columns coupled with refractive index detection have been widely used for 
the determination of sugars and small oligosaccharides, but in many cases they have 
proved inadequate for separating the complex mixtures from oligo- and polysaccharides 
resulting from the hydrolysis of starch. The analysis of the chain length distribution of 
starch is often performed by size-exclusion chromatography of the unit chains after 
debranching. More details are provided by high-performance anion-exchange 
chromatography with pulsed amperometric detection since individual chains are separated 
with high resolution up to DP 80 (Hanashiro et al., 1996). 
Capillary electrophoresis (CE) has been playing an increasingly important role in 
liquid phase chemical analysis. Several features including speed of analysis, high 
resolution, and efficiency account for recent acceleration in the acceptance of this 
technique. High electric fields are used in CE to force ionic solutes to migrate through a 
buffer- or gel-filled capillary. The species, injected in minute amounts, are separated along 
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the tube on the basis of charge, size, or both and are subsequently detected near the 
capillary end. In the case of starch, the absence of charge was resolved by using iodine 
complexation or fluorophore derivatization to impart charge and permit detection. 
Differential scanning calorimetry is a technique used to characterize thermal 
behavior of substances. It measures heat flow rate (power) to or from a sample, comparing 
to a reference, as a function of temperature or time, while a sample and a reference are 
subjected to a controlled temperature program. If any thermal transitions take place in the 
sample, heat is added to or subtracted from the sample or the reference to maintain a 
temperature balance. If the reference is an empty sample container, the difference of the 
energy input is equivalent to the transition energy in the sample (Willard et al., 1981).  
 
1.5 Starch functionality 
Very little raw starch is consumed in normal diets, and the effect of processing on 
the structure of starch in the food can vary considerably, affecting the digestion of the 
starch and thus its nutritive value (Annison & Topping, 1994). Processing almost 
invariably involves the application of heat (and moisture) for varying lengths of time. This 
process disrupts the starch granule, which leads to the breakdown of the starch crystalline 
forms.  
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1.5.1 Starch gelatinization 
When starch-containing foods are heated at low to moderate levels of moisture, the 
crystalline structures within the starch granule lose order (although the granule itself may 
retain its shape). This disordering is referred to as melting and occurs at temperatures that 
vary with moisture content and with the origin of the starch. In the absence of water, 
melting temperatures exceed 150 °C but fall to 100-120° C at 20% moisture. 
When starch is heated in the presence of enough water, starch granules swell, and 
the crystalline organization in starch decomposes to form amorphous regions. This 
molecular disordering is called gelatinization and is manifested by irreversible changes in 
properties, including granular swelling, melting of starch crystallites, loss of birefringence, 
and starch solubilization. This endothermic phenomenon is most commonly observed 
using differential scanning calorimetry.  
Starch gelatinization process is more complex than a simple granular order-to-
disorder transition. Several gelatinization mechanisms have been proposed in order to 
interpret observed changes during heating starch granules in excess water. Donovan (1979) 
suggested a swelling-driven granule disruption process, in which the starch-water 
interactions are thought to start mainly in amorphous regions of the granule and disruption 
of the crystalline order is then considered to occur through “stripping” starch chains from 
the surface of the crystallites. Blanshard (1987) proposed a reinterpretation of Donovan’s 
model by introducing the glass transition concept. According to the theory of Jenkins & 
Donald (1998), water first enters the amorphous growth rings, causing these regions to 
swell. After a significant amount of water enters the amorphous regions, a large amount of 
swelling occurs, providing sufficient stress through connectivity of molecules from the 
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amorphous growth ring to the semi-crystalline lamellae, resulting in the disruption of 
starch crystallites, as evidenced by the loss of crystallinity. A recent model of starch 
gelatinization has been proposed with a liquid-crystalline approach, considering 
amylopectin molecules to be a side-chain liquid-crystalline polymer (Waigh et al., 2000a). 
In this model, depending on the water content and heating rate, gelatinization results from 
helix-coil transitions and transformations from a glassy nematic phase to a plasticized 
smectic phase of amylopectin helices (Fig. 1.8). B-type starch has much longer amorphous 
backbone than starch A, and because of this, the isotropic structure is formed over 
gelatinization in the intermediate state, while for A-type starch this takes place during the 
nematic phase (Pikus, 2005; Waigh et al., 2000a). 
 
Figure 1.8: Schematic diagram of changes which occur in intermediate stages, during gelatinization by 
using the liquid crystal approach: a) schematic diagram for A-type starch, b) schematic diagram for B-
type starch. Adapted from Waigh et al. (2000a). 
 
Another aspect of the gelatinization mechanism is to consider the structural loss 
during gelatinization. It has been suggested that either the crystalline disruption occurs 
before or after the disordering of double helices (Colonna & Mercier, 1985), although 
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recent studies suggest that both double-helical order and crystalline structure are lost 
concurrently during heating (Waigh et al., 2000a). 
 
1.5.2 Starch retrogradation 
Gelatinized starches are digested much more rapidly than raw ones. Enhancement 
of digestibility of gelatinized starches has been attributed to the swelling and rupturing of 
starch granules, which facilitate an easy access for the enzyme to effect hydrolysis. Starch 
gels are unstable, and B-type crystallites form on standing at cool temperatures. This 
crystallisation process which starts with spontaneously formed nuclei, from which 
crystallites then grow in a rod-like way, is termed retrogradation (Armero & Collar, 1998). 
Retrogradation results from the reassociation of the linear regions of the polymers to form 
insoluble crystallites containing short linear segments of α-(1→4)-linked glucose units 
(Gidley et al., 1995). Retrogradation may take from several hours (in the case of high-
amylose starch) to several days (in the case of high-amylopectin starches) to form. The 
fraction consisting mainly of retrograded amylose becomes partly or wholly resistant to 
amylolytic hydrolysis (Eerlingen et al., 1993a,b; Sievert & Pomerantz, 1989). Resistant 
starch is described in detail in Chapter 1.6. 
Eerlingen et al. (1993b) showed that resistant starch from amylose fractions with 
different average chain length (DPn 40-600) formed by precipitation in aqueous solution, 
differed in yield but not in quality. The fact that the molecular weight of resistant starch 
(RS) obtained from amylose of varying chain length does not depend on the chain length 
suggests that the mechanism for the formation of RS in amylose solutions may be the 
aggregation of amylose helices in a crystalline B-type structure over a particular region of 
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the chain (about 24 glucose units). Amylose molecules pass through more than one of 
these ordered regions in RS formation. Both micelle formation (number of different 
molecules aggregating over a particular region in an ordered structure) and chain folding 
account for the formation of lamellar structure (Eerlingen et al., 1993b). However, resistant 
starch with an A-type structure can be isolated if the starch is held for extended periods at 
high temperature after gelatinization (Eerlingen et al., 1993a) 
Retrogradation occurs when foods are cooked and then cooled. Generally, there is a 
negative relationship between the amylose content of a starch and the onset and peak 
minimum temperature of gelatinization (Fredriksson et al., 1998). High amylose starches 
(such as those from various maize cultivars) require higher temperatures and pressures than 
high amylopectin starches to be gelatinized (Colonna & Mercier, 1985). Thus high 
amylose starches are intrinsically more resistant than those higher in amylopectin and 
retrograde more readily. Starch processing is important as repeated autoclaving and 
cooling increases the amount of resistant starch and slows starch digestion (Aparicio-
Saguilán et al., 2005; Fredriksson et al., 2000). 
 
1.5.3 Starch annealing 
The process known as annealing has significant effects on starch physicochemical 
properties (Knutson, 1990). Annealing of starch occurs when granular starch is incubated 
in excess water at a temperature above the glass transition but below the gelatinisation 
temperature. The definition implies that no gelatinisation occurs during the treatment. As a 
result of annealing, the gelatinisation temperature is increased, the gelatinisation 
temperature range is narrowed and the gelatinisation enthalpy is increased or unchanged 
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(Jacobs et al., 1995, 1998a). Also, the starch pasting properties are affected. Annealing 
does not result in changes in the wide angle X-ray diffraction patterns. The small angle X-
ray diffraction patterns, however, are intensified (Jacobs et al., 1998c), indicating the 
formation of more perfect starch crystals.  
Crystals of the native starches with higher defect content (high-amylose starches) 
suffer more essential reorganization than starches with lower defect content (amylopectin 
and normal starches). The mechanisms of reorganization in high-amylose and amylopectin 
starches are different. For amylopectin-rich wheat starches, annealing leads to an 
insignificant lengthening of the double helices formed by amylopectin A-chains and to an 
increase in the thicknesses of the crystals (Kiseleva et al., 2005). This is due to the twisting 
of the unordered free ends appertaining to longer crystallites. For high-amylose starches, 
annealing is accompanied by a significant increase in the thicknesses of the crystals due to 
intermolecular interactions between double helices already existing in the crystalline 
lamellae. Irrespective of amylose content in the starches, these processes do not lead to 
changes in the size of the amylopectin clusters (Jacobs et al., 1998c). The thermodynamic 
melting parameters of the amylose–lipid complexes are not changed significantly. The 
relationship between the structural and thermodynamic parameters for starches suggests 
that annealing does not influence the structure of the amylose–lipid complexes (Kiseleva et 
al., 2005; Tester et al., 2000).  
The impact of annealing on kinetics of acid and enzymatic hydrolysis depends on 
starch botanical origin and/or crystal type. Annealing has been shown to increase the 
already high resistance of potato starch to enzymatic hydrolysis both in the rapid and slow 
phase of hydrolysis (Jacobs et al., 1998b). In contrast, for wheat and pea starches no 
differences in susceptibility were observed between native, one step and two step annealed 
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starches (Jacobs et al., 1998a). Difference in the extent of acid hydrolysis between starches 
has been attributed to the interplay of the following factors: (1) presence of lipid 
complexed segments of single V-amylose helices, (2) packing arrangement of starch chains 
in the amorphous and crystalline regions of the granule, and (3) presence of pores on the 
granule surface (reviewed by Waduge et al., 2005).  
 
1.5.4 Measuring starch functional properties 
Rheological methods offer potential to account for multiple effects through 
measurement of material properties, which are a function of both the composition and 
structure of the material. More specifically, viscometric analyses, which can be used to 
monitor the viscosity of starch-containing materials through a heating and cooling cycle, 
proved useful for detecting subtle differences in cultivar pasting characteristics. The Rapid 
Visco Analyser (RVA) is an effective instrument for measuring the viscous properties of 
cooked starch and flour, and for relating functionality to structural properties. The 
advantages of using the RVA are that it requires relatively small sample (3 or 3.5 g) and a 
short period of time (usually 13 min), depending upon the profile used. It has been reported 
that the starch pasting properties measured in the RVA simulate many production 
processes (Deffenbaugh & Walker, 1989, 1990; Ravi et al., 1999). RVA was demonstrated 
to be useful in studying effects of additives on rheology of starch systems. Specifically, 
Tang & Copeland (2007a) showed that starch-lipid complexes can be formed directly in 
the RVA and that viscoelastic parameters are correlated with the formation of starch-lipid 
complexes. 
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 Texture profile analysis (TPA) offers another means of evaluating mechanical 
properties of starch gels. There are many variables affecting the staling process and, as 
such, there is not a single technique that can provide complete information on all events 
related to this process. TPA has been utilised to evaluate changes in mechanical properties 
of starch gels during storage and, to characterize the firming kinetics of the system as is 
affected by retrogradation of starch components (Devesa & Martinez-Anaya, 2003) 
 
1.6 Dietary fiber 
Cereals are an important component of the human diet throughout the world, 
particularly in tropical and subtropical regions. Cereals constitute the major source of 
carbohydrates, proteins, vitamins and minerals (Skrabanja et al., 1999). Starch is the 
principal carbohydrate in cereals as well as legumes, tubers and unripe fruits. The current 
tendency is to look for alternative sources for obtaining starches exhibiting better 
physicochemical and functional characteristics. In recent years, substantial progress has 
been made in obtaining starches from these sources, and in the study of the functional and 
physicochemical properties of the starches (Hoover, 2001). The development of new 
products is a strategic area of the food industry, because consumers are demanding foods 
showing two properties: the first one deals with the traditional nutritional aspects of any 
food, whereas, as a second requirement, additional health benefits are expected from its 
regular ingestion. “In a rapidly changing world with altered food habits and stressful life 
styles, it is more and more recognized that a healthy digestive system is essential for 
overall quality of life” (Brouns et al., 2002). 
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Development of functional foods such as resistant starch-enriched products is based 
on the understanding of the transit of nutrients through the human gastrointestinal tract. 
“Comminuted food (i.e., food that has been rendered more digestible by processing, 
chewing in the mouth, and wetting in the stomach) enters the small intestine where 
enzymatic digestion occurs. Unabsorbed food components enter the large bowel into a 
zone of high fermentative activity where short-chain fatty acids (SCFA) levels are high. On 
passage of the digesta stream, fermentative substrate becomes depleted, and SCFA values 
fall due to absorption. Voided feces contain undigested food components, endogenous 
secretions, and biomass formed by dead gut bacteria” (reviewed by Topping & Clifton, 
2001). 
 
1.6.1 Definition of dietary fiber 
Dietary fiber is defined in the context of human medicine as the “the sum of lignin 
and polysaccharides that are not digested by endogenous secretions of the digestive tract of 
man” (Trowell et al., 1976). Such a definition is also commonly used for other non-
ruminant animal species. In this nutritional context, the term dietary fiber includes any 
polysaccharide reaching the hindgut and so includes resistant starch, and soluble and 
insoluble non-starch polysaccharides (NSP) (Montagne et al., 2003). It has been 
established that, depending on type, components of dietary fiber are subject to varying 
degrees of breakdown on transit in humans. This is effected in the human large bowel by a 
complex bacterial ecosystem resembling that found in obligate herbivores. It has similar 
substrates, i.e., complex carbohydrates and end products (SCFA), mainly acetate, 
propionate, and butyrate. Individual SCFA are used by the body in different ways, and 
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have specific roles (Montagne et al., 2003). Acetate is carried to the liver and then acts as 
an energy substrate for muscle tissue. Propionate is converted to glucose in the liver. 
Butyrate is used primarily by the colonocytes, and provides a major source of energy for 
their metabolic activities as demonstrated in pigs, rats and humans (Demigne & Remesy, 
1985). SFCA therefore can contribute a substantial amount of energy to the gut and to the 
whole body of non-ruminant animals (5–10% for man) (Argenzio & Southworth, 1974). 
SCFA contribute to normal large bowel function and prevent pathology through their 
actions in the lumen and on the colonic musculature and vasculature and through their 
metabolism by colonocytes. Dietary fiber accelerates transit, promotes laxation, relieves 
constipation, and protects against diseases of the large gut such as diverticular disease, 
irritable bowel syndrome and inflammatory bowel disease (Leeds, 1985; Montagne et al., 
2003; Topping & Clifton, 2001). This is achieved through fecal bulking, which is also 
associated with diminished risk of colorectal carcinoma. Dietary fiber is also often 
considered as beneficial for human health due to its well-known effect of reducing blood 
cholesterol, affecting glycaemic response, delaying gastric emptying, diminishing nutrient 
absorption, effecting motility in the small bowel, and prolonging satiety after a meal 
(reviewed by Blaak & Saris, 1995).  
 
1.6.2 Resistant starch 
“Although nonstarch polysacharides resist digestion by intrinsic human intestinal 
digestive enzymes completely, their intakes do not account for calculated human SCFA 
production. This discrepancy between NSP intakes and calculations of bacterial activity of 
the large bowel microflora is known as the “carbohydrate gap” (Stephen, 1991). Some of 
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the deficit may be filled by oligosaccharides, but starch and products of small intestinal 
starch digestion are thought to contribute the most. This fraction is termed resistant starch 
(RS).” 
The name resistant starch was coined to describe the incomplete digestion in-vitro 
of starch in foods that had been cooked and then cooled (Berry, 1986) but now includes all 
starch and starch degradation products that resist small intestinal digestion and enter the 
large bowel in normal humans (Asp, 1992). It is defined strictly in terms that exclude the 
small intestine. Small intestinal amylolysis can occur at different rates, but only 
incompletely digested starch can contribute to resistant starch. Topping and Clifton (2001) 
summarized four main types of resistant starch. RS1 includes that trapped within whole 
plant cells and food matrices (e.g., partly milled grains and seeds) where there is a physical 
barrier to amylolysis. The presence of intact cell walls contributes to the resistant starch 
content of legumes. More extensive milling (and chewing) can make these starches more 
accessible and less resistant. RS2 comprises those granules from certain plants that are 
gelatinized poorly and hydrolyzed slowly by α-amylases (e.g., raw potato and green 
banana, high amylose maize starch). RS3 comprises retrograded starches, and examples are 
cooked and cooled rice or potato. RS4 comprises the chemically modified starches (e.g., 
ethers or esters) that are used by food manufacturers to improve the functional 
characteristics of the starch. 
“Fiber-rich foods, especially those high in insoluble non-starch polysacharides, are 
less fermentable than RS and are well-established laxating agents. Experimental studies 
have shown that they protect against chemically induced tumors in rodents. Paradoxically, 
the epidemiological data for a protective role for NSP in human large bowel cancer are 
weak, and any protection afforded at the population level is not great; water-soluble NSP 
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may even promote risk. The greatest difference between RS and NSP lies in relation to 
cancer, where the protection by RS in animals with chemically induced cancer is weak but 
the supportive epidemiological evidence is stronger. Indeed, it appears that some of the 
low-risk African populations that gave rise to the “fiber hypothesis” consume diets low in 
fiber but high in starch” (reviewed by Topping & Clifton, 2001). 
Effects of resistant starch appear to be largely through fermentation products and 
not physical bulking. The cancer-protective role of resistant starch may be due to the 
fermentative production of butyrate, which possibly promotes apoptosis in tumor cells, 
although direct proof of such a role for RS in protection against colorectal cancer is absent. 
Apart from this effect, RS has been shown to promote colon function by alleviating 
infectious diarrhea and promoting colonic mineral absorption. Part of the benefits in 
diarrhea may be due to interactions between RS and the microflora. One RS type (high 
amylose maize starch) has been shown to be a prebiotic and promotes the survival of 
beneficial gut microflora. The interactions of RS with the microflora in general remain to 
be elucidated. Although RS could be regarded as a malabsorbed carbohydrate, there is little 
evidence of any deleterious effect of RS in humans; rather, it appears that interactions 
between RS and the colonic microflora appear to be of benefit to the host in the short and 
long term. In countries with low intakes of starch and RS, it may be of health benefit to 
increase their intakes, but it is not clear whether it should be as total starch, RS, or starch 
and RS.  
Some of the doubts about a realistic assessment of the relationships between RS, 
colonic metabolism, and cancer risk may only be a consequence of the choice of 
experimental models (rats and mice) and non-uniformity in the area of analytical 
technology. “This means that, depending on analytical procedure, some of the reported 
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effects of fiber include a contribution by RS. Appropriate analyses (including steps to 
mimic mastication) have been developed for RS but need to be applied widely” (Topping 
& Clifton, 2001). 
 
1.6.3 Determination of resistant starch in foods 
 Several methods of chemical measurement of resistant starch exist and are often 
validated through the application of extensive ileostomy studies. Englyst et al. (1992) 
measured resistant starch as that starch not hydrolyzed after 2 h of incubation at 37°C with 
pancreatin (containing α-amylase plus proteolytic and lipolytic enzymes), 
amyloglucosidase, and invertase, whereas Berry (1986) and Muir & O’Dea (1992) used 
incubation at 37°C for 15–16 h. As yet, there is no physiologically relevant measure of 
resistant starch for foods as they are eaten, and any analysis needs to allow for the presence 
of other inhibitory food components (amylase inhibitors, lipids, non-starch 
polysaccharides, etc.) as well as physiological variables including chewing and individual 
variation in transit (Annison & Topping, 1994). Sample pretreatment through milling, 
grinding, or chewing can all influence the final outcome. One way to encompass these 
factors is to use standardized mincing (Englyst et al., 1992). When this is done, the results 
correlate highly with the amount of starch recovered in ileostomy effluent (which is one of 
the few means of assessing starch digestion in humans in vivo). However, the method is 
labor intensive and gives poor reproducibility unless conducted by highly trained personnel 
and so has not been adopted widely outside Britain. Methods including more physiological 
procedures that mimic chewing and gastric digestion have been developed (Muir & O’Dea, 
1992), nevertheless, standardization of the chewing step needs to be applied widely so that 
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the RS content of foods and the RS intakes of individuals and groups can be estimated with 
confidence. 
 
1.7 Starch-lipid interactions 
1.7.1 Structure of starch-lipid complexes 
Starch is one of the major constituents of food products and may interact, from the 
physicochemical and functional perspective, with one or more of the other main 
components, that is, water, sugars, lipids and hydrophilic macromolecules such as proteins 
(Jovanovich & Anon, 1999). Together with the molecular species present and 
environmental conditions during processing and storage, these interactions have a 
significant effect on starch properties. They affect the physical state and digestibility of 
starch and other components. Particularly important is the interaction between starch and 
lipids, since these modify product texture, rheological properties, digestibility and storage 
stability. 
Amylose has the feature of forming helical inclusion complexes with a variety of 
organic and inorganic complexing agents, whereas amylopectin forms these complexes 
only weakly or not at all (Morrison et al., 1993b). Indeed, in contrast to other 
glucopolymers, like dextran [α-D-(1→6)-bonds] or cellulose [β-D-(1→4)-bonds], amylose 
chains have a gradual natural twist which makes a helicoidal conformation possible and 
unique (Zobel, 1988). Different types of amylose inclusion complexes have been described 
and characterized in the literature. Apart from very specific complexes obtained with 
iodine, dimethyl sulfoxide, potassium hydroxide, and potassium bromide, the best 
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documented complex is the so-called Vh amylose, which corresponds to a left-handed 
single helix consisting of 6 D-glycosyl residues per turn and a pitch of 0.805 nm (Bluhm & 
Zugenmaier, 1981; Buleon et al., 1998; Rappenecker & Zugenmaier, 1981; Yamashita, 
1965). Its structure is usually induced by the presence of linear complexing agents, like 
fatty acids, monoglycerides or linear alcohols, which are hosted in the helical cavity of 
amylose (Fig. 1.9, Nuessli et al. 2003).  
 
Figure 1.9: Structure of amylose-lipid complex. Adapted from Buleon et al. (1998). 
 
As studied by computer modelling and solid state 13C NMR investigations, the 
polar carboxyl and glycerol groups of fatty acids and monoacylglycerols, respectively, are 
mobile in the hydrated state and, consequently, do not enter the hydrophobic cavity 
because of steric and/or electrostatic repulsions (Godet et al. 1993). This limits length of 
amylose helices to two fatty acids or monoacylglycerol molecules situated with their 
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terminal methyl groups end-to-end (Fig. 1.10). By contrast, aliphatic molecules with small 
head groups that are spatially less demanding than –COOH groups fit smoothly into V-
channels (Godet et al., 1995a, Nimz et al., 2004). 
 
Figure 1.10: Schematic representation of amylose monopalmitin complex with two monoacylglycerol 
molecules situated with their terminal methyl groups end-to-end. 
 
The inner diameter of amylose helix is controlled by the size of the complexing 
agent. Lipids and linear alcohols form complexes with 6 glucose residues per turn with 
inner diameter of 0.48 nm, branched chain alkyl compounds evoke helices with 7 glucose 
residues per turn (inner diameter of 0.63 nm) and more bulky compounds form helices 
with 8 glucose residues per turn with inner diameter of 0.78 nm (Biliaderis & Galloway, 
1989; Helbert & Chanzy, 1994; Rappenecker & Zugenmaier, 1981). The glucosyl hydroxyl 
groups are located at the outer surface of the helix, while the inner surface is lined with 
methylene groups and glycosidic oxygens resulting in a more hydrophobic cavity, similar 
to that of cyclodextrins (Immel & Lichtenthaler, 2000). Consecutive turns of helices are 
stabilised by numerous intra- and interhelical van der Waals contacts and hydrogen bonds 
(Rappenecker & Zugenmaier, 1981). However, the driving force for complex formation is 
presumably of hydrophobic nature and involves transfer of the hydrophobic guest molecule 
from water to the less polar environment within the amylose helix (Fanta et al., 1999, 
Whittam et al., 1989). 
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The hydrophobic nature of the tubular channel in VH-amylose has been postulated 
and de facto taken for granted ever since its molecular structural features began to unravel 
about 60 years ago (Rundle, 1947). Yet still today, the “hydrophobic effect” – even if one 
has agreed on the exact definition of the term – is an “elusive” entity; it can neither be 
quantified reliably, nor can it be separated from the various other factors involved in 
inclusion complex formation, such as guest-host correspondence of steric features, 
minimization of dipole-dipole interactions, and compensation of entropic and enthalpic 
parameters associated with changes in solvation (Immel & Lichtenthaler, 2000).  
V-amylose complexes consisting of single helical chains are known to be water-
soluble at pH above 7 but are insoluble in aqueous media at a pH ≤ 7 (Hahn & Hood, 
1987). Insoluble complexes are usually prepared by neutralisation of an alkaline solution 
of amylose, to which fatty acids were added as their potassium salts, thus eliminating co-
precipitation of uncomplexed lipids, as occurs in the presence of methyl sulphoxide, which 
is both a solvent and a complexing agent for amylose (Raphaelides & Karkalas, 1988). 
The importance of starch-lipid complexes is reflected in numerous food 
applications. Inclusion complexes between lipids and amylose are valuable in food 
processing because fatty acids and their monoglyceride esters reduce stickiness of starch, 
improve freeze-thaw stability and have an anti-staling effect in bread and biscuits due to 
reduced crystallization (retrogradation) of the amylopectin fraction in starch (Riisom et al., 
1984). Today, other fields of science, such as nanotechnology (helical wrapping of carbon 
nanotubes) and biotechnology (artificial chaperoning of proteins and chiral separation of 
pharmaceuticals) begin to exploit the amylose-complexing abilities (reviewed by Gelders 
et al., 2004). 
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1.7.2 Lipids in starch 
Starch granules usually contain endogenous lipids, the content and composition of 
which varies from plant to plant (Morisson, 1988). Lipids associated with isolated cereal 
starch granules have been found to occur on the surface as well as inside the granule. 
These two groups of lipids differ in extractibility from granules with common fat solvents. 
Ether-extractable lipids are considered to be absorbed on the surface of starch granules 
while lipids existing firmly in starch granules cannot be extracted with diethylether, but 
can be extracted with hot aqueous alcohol. 
The surface lipids are mainly triglycerides, followed by free fatty acids, glycolipids 
and phospholipids and they include those derived from the amyloplast membrane and non-
starch sources. The internal lipids of cereal starches are predominantly monoacyl lipids, 
with the major components being lysophospholipids and free fatty acids. Both surface and 
internal lipids are present in the free state as well as bound to starch components, either in 
the form of amylose inclusion complexes or linked via ionic or hydrogen bonding to 
hydroxyl groups of the starch components (Morrison, 1988; Morrison, 1995; Vasanthan & 
Hoover, 1992). 
The major fatty acid in neutral lipid fractions is palmitic (16:0) in wheat, corn, 
potato and cassava, and linoleic (18:2) in rice and lentil, while in glycolipid fractions, it is 
linoleic in cereal starches, and palmitic in cassava. However, in phospholipid fractions all 
starches have palmitic as their major fatty acid (Vasanthan & Hoover, 1992). 
The amount of lipid-complexed amylose ranges from less than 15 to more than 
55% of the amylose fraction in cereal starches, with oat starches being especially rich in 
lipids and correspondingly complexed amylose (Morrison, 1995). Purified starches contain 
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less than 0.6% protein. In common with starch lipids, proteins occur on the surface (and 
include non-starch derived proteins) and regardless of origin are embedded within the 
matrix of granules. Both the starch lipids and proteins have the potential to moderate starch 
functionality (Appelqvist & Debet, 1997). Starches also contain relatively small quantities 
(less than 0.4%) of minerals (calcium, magnesium, phosphorus, potassium and sodium) 
which are, with the exception of phosphorus, of little functional significance. The 
phosphorus is found in three major forms: phosphate monoesters, phospholipids and 
inorganic phosphates. Phosphate monoesters are selectively bound to specific regions 
within the amylopectin molecule (Blennow et al., 2002). 
 
1.7.3  Complex formation 
Cereal starches contain only around 1% of lipid and therefore it is important to note 
that the lipid fraction within starch granules is insufficient to saturate the amylose fraction 
and hence form fully saturated amylose–lipid complexes. Hence, amylose is referred to as 
lipid-free amylose or lipid-complexed amylose which may be differentiated by iodine 
binding, NMR and synchrotron X-ray diffraction and these forms may have specific 
locations within starch granules (Morgan et al., 1995; Morrison et al., 1993b; Snape et al., 
1998). However, formation of complexes between amylose and this minor component 
greatly affects starch properties. 
Normally, native starches give no V-type spectrum, but this appears on heating 
above 70°C in excess water, immediately after starch gelatinization. Based on this 
evidence, which suggests that either the complexes do not exist in native starches, or that 
they are too dispersed to give a V-type XRD spectrum, there were originally doubts about 
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the existence of these complexes in native starches (Biliaderis et al., 1986b; Morisson, 
1988). However, it was later proved that lipid-complexed amylose does exist in native 
cereal starch granules and that it is not an artifact formed subsequently from free lipid and 
lipid-free amylose (Morrison et al., 1993b). 
Formation of amylose-lipid complexes occurs during heat/moisture treatments, 
especially during gelatinization of starches with naturally containing lipids or when lipids 
are added to defatted starches or pure amylose free of natural lipids (Biliaderis et al., 
1985). Both naturally occurring and heat formed complexes show specific properties such 
as a decrease in amylose solubility and swelling, an increase in gelatinization temperatures 
and prevention of amylose-leaching from starch granules (Eliasson et al., 1981). 
Conversely, defatting increases swelling and solubility of the starch by disrupting amylose-
lipid complexes.  
Polar lipids, e.g., fatty acids and their monoglyceride esters are of technological 
importance in starch systems causing a reduction in stickiness, improved freeze-thaw 
stability (Mercier et al., 1980) and retardation of retrogradation. The most important 
example is probably the use of fatty acids and monoglycerides as anti-staling agents in 
bread and biscuits; incorporation of such additives in the dough induces a slower 
crystallization (retrogradation) of the amylopectin fraction and, therefore, retards the 
staling of bread. Moreover, a fraction of starch containing essentially retrograded starch 
and complexed starch escapes digestion and contributes to the overall amount of resistant 
starch (Godet et al., 1995a).  
However, certain substances such as cyclomaltoheptaose or 1-butanol disrupt the 
formation of inclusion complexes between the starch components and lipids by interfering 
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with association amongst amylose-lipid complexes, resulting in prevention of precipitation 
or disrupting the hydrophobic association between amylose and lipid, as is the case for 1-
butanol (Kim and Hill, 1987). 
 
1.7.4  Two thermodynamic states of amylose-monoglyceride 
complexes 
Amylose-lipid inclusion complexes are known to form crystalline structures. The 
structure of the amylose-lipid complex has been elucidated using X-ray diffraction 
techniques (Mikus et al., 1946; Zobel et al. 1967), where crystalline complexes give rise to 
the V-pattern. The structures of guest molecules and host–guest interactions remained, 
however, undetermined due to the limitations of X-ray diffraction and X-ray fiber 
diffraction techniques that cannot provide high resolution needed for structure description 
due to the disorder in starch-lipid crystal structure. Structural information of starch-lipid 
complexes that cannot be provided by X-ray diffraction have been recently obtained from 
computer-aided modelling for the ideal all-trans geometry complex between V-amylose 
and dodecanoic acid (Nimz et al., 2004). 
The thermal properties of the amylose-lipid complex have been studied using 
differential scanning calorimetry (DSC), and have been found to be related to the chain 
length of both amylose and ligand, and to the degree of unsaturation of the ligand 
(Biliaderis et al., 1986b; Eliasson & Krog, 1985; Kowblansky, 1985; Raphaelides & 
Karkalas, 1988).  
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Experimental data on the melting of macromolecular crystals are often indicative of 
irreversible processes. As a result, crystallite reorganization or recrystallization can occur 
before final melting. This behavior is a direct manifestation of the metastability of partially 
crystalline states, and it has been attributed to small crystal size, chain-folding, and defects 
in the crystal structure. Such non-equilibrium states exhibit much lower melting 
temperatures than equilibrium crystals, and their metastability can be assessed by 
calorimetry (Wunderlich, 1981). 
Differential scanning calorimetry measurements of phase transitions of starch 
(Biliaderis et al., 1986c) and amylose-lipid complexes (Biliaderis et al., 1985, 1986a) have 
shown that the thermal curves do not reflect the initial crystallite distribution or the 
morphology of the crystallites. Instead, when the amount of water present in the system is 
insufficient to facilitate a co-operative melting path or a moderate heating rate is employed 
to allow annealing during heating, or both, melting and reorganization can occur 
simultaneously, which thus yields composite thermal profiles. Approximation of zero-
entropy production melting (i.e. melting without change in the metastability of the system) 
is therefore essential if one is to deduce the degree of metastability and information 
regarding the structure of original crystallites from their melting behavior. For aqueous 
starch systems, crystallite melting approaches zero-entropy production conditions in excess 
moisture situations and under relatively fast heating rates (Biliaderis et al., 1986a). When 
excessive superheating is avoided, fast heating DSC measurements provide useful 
qualitative information about the structure and metastability of the initial sample, 
particularly for amylose-lipid complexes (Biliaderis et al., 1985, 1986a,c, Biliaderis & 
Seneviratne, 1990). 
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By combining X-ray diffraction and DSC it has been discovered that for certain 
ligands two thermally distinct forms crystallizing from dilute solution exist: Type I (low 
Tm), which shows an amorphous X-ray diffraction pattern and readily undergoes 
reorganization upon heating, and Type II (high Tm), which exhibits a well-defined three-
line V-diffraction crystallographic pattern.  
Biliaderis & Galloway (1989) studied the differences in the annealing behavior, 
thermal stability, and interconversions between these metastable structural forms of 
glycerol monostearate-amylose complex in both stabilizing (sodium sulphate and sucrose) 
and destabilizing (urea, guanidine hydrochloride) aqueous environments. Examination by 
X-ray and DSC confirmed the postulate that Types I and II are two distinct 
supermolecular, metastable thermodynamic states of different internal energy and entropy, 
being formed at different crystallization temperatures (Tc); complex I predominated at low 
Tc, while Type II was the preferred form at high Tc (Biliaderis & Galloway 1989; 
Biliaderis & Seneviratne, 1990; Godet et al., 1996). 
Form I is a kinetically preferred polymorph since it melts at a lower temperature in 
the DSC and its melting temperature (Tm) does not vary and it is obtained when rapid 
nucleation occurs. It is morphologically described by a random distribution of helices 
having little crystallographic alignment in the aggregated state. In contrast, form II is 
believed to have a lamellar-like organisation of amylose complexes, i.e. the polysaccharide 
chains are folded so as to have their chain axes perpendicular to the surface of the lamella. 
Crystallites of this form can be perfected/enlarged via isothermal annealing. A distinction 
is made between Type IIa and IIb amylose–lipid complexes based on the degree of 
crystallinity and/or perfection of the ordered domains. Type IIb complexes have a slightly 
higher melting temperature than Type IIa complexes but both are above 100 °C (Biliaderis 
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& Galloway, 1989; Seneviratne & Biliaderis, 1991). A prerequisite for the conversion from 
Type I to type II is the partial melting of its structure, which appears to foster crystallite 
formation and thickening by chain diffusion. Large energy barriers existing between forms 
I and II confer kinetic stability into the system (Biliaderis & Galloway, 1989). 
The thermal properties of the polymorphs of amylose-fatty acid complexes depend 
largely on the solvent used, the temperature at which the reactants are mixed, and the rate 
of cooling during preparation of the complexes. As an example, if amylose is complexed 
with fatty acids containing 10–18 carbon atoms, X-ray diffraction in aqueous solution at 
temperatures of ∼70 °C indicates formation of a helical structure with seven D-glucoses 
per turn that transforms by annealing at 90 °C to a left-handed helix with six residues per 
turn (Raphaelides and Karkalas, 1988). 
 
1.7.5  Factors affecting formation of starch-lipid complexes 
Several studies have dealt with the influence of the nature of lipids on the 
complexation with amylose. The effects of different functional groups and chain lengths of 
straight-chain aliphatic compounds on their inclusion complexes with amylose have been 
investigated. For a particular functional group, increasing the number of carbons in the 
aliphatic chain increases the melting temperature of the corresponding inclusion complex 
(Kowblansky, 1985). For a given chain length, Tm is different for ionic and nonionic 
functional groups. For nonionic ligands of a fixed chain length, Type I and II complex 
forms are obtained and either complex may be formed at the exclusion of the other by 
appropriately selecting the temperature of complex formation. Occurrence of these two 
forms was found to be dependent on the temperatures and durations of the pre-treatments. 
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Due to an annealing effect, preheating the complexes leads to the rise of melting point 
temperatures of both complex forms (Tufvesson & Eliasson, 2000). For ionic ligands of a 
fixed chain length, only one complex was obtained in a study (Kowblansky, 1985). For 
instance, cetyltrimethylammonium bromide (CTAB), a surfactant having the same carbon 
chain length as monopalmitin, i.e., 16 carbon atoms, but being positively charged, creates 
complex form I with amylose in the starch matrix, but not form II (Biliaderis & Galloway, 
1989; Tufvesson & Eliasson, 2000). 
The structure of the amylose-lipid complexes is usually studied under the 
conditions that are optimised for the complex formation, meaning that both amylose and 
lipid are mixed in a solution, e.g. in DMSO/water (Eliasson, 1994). The complex then 
precipitates, and the precipitate can be collected for further studies. In contrast to this 
approach, the aim of the study by Tufvesson et al. (2003a) was to investigate whether 
amylose-lipid complexes can be formed when starch and lipids are heated together, i. e., 
under conditions that are not optimised but are common in industrial relevant processes. 
The formation of amylose-lipid complexes of both forms was studied by differential 
scanning calorimetry (DSC) for a range of monoglycerides and for monoglyceride 
mixtures. The temperature treatment influenced which type of complex was formed, and 
how much, whereas the thermal stability of the complex (as judged from the transition 
peak temperature) was only marginally influenced. The study revealed that all the 
investigated monoglycerides were able to give complex form I as well as complex form II, 
although the formation conditions differed between the monoglycerides. It was found that 
a simple DSC-scan promoted formation of complex form II for glycerol monocaprin, 
glycerol monolaurin and glycerol monomyristin, whereas in case of the longer chain 
monoglycerides and monoglyceride mixtures prolonged heat treatment (100°C for 24 h) 
was required for formation of complex form II. Moreover, the monoglyceride mixtures 
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gave only form II at conditions where the individual components in the mixtures gave both 
form I and form II indicating the formation of mixed crystallites. 
Monoglycerides with saturated fatty acid chain lengths from C12 to C18 are very 
effective amylose complexing compounds in aqueous solution at 60°C, in which all the 
monoglycerides are in a monomer form and are able to react with amylose. In contrast, the 
unsaturated monoglycerides are very ineffective in forming complexes in water at 60°C 
because they exist in a mesomorphic state from which monomers are much less available 
to react with amylose. When saturated and unsaturated monoglycerides of the same length 
are compared, it is found that that the trans-unsaturated monoglycerides have a transition 
temperature similar to that of the saturated analogue, whereas the cis-unsaturated 
monoglycerides seem to be less stable (Eliason & Krog, 1985; Riisom et al., 1984). 
Similarly as for monoglycerides, fatty acids with chain length longer than C4 form 
complexes with amylose. According to the study of Tufvesson et al. (2003b), the heat 
stability of complexes of both types formed between fatty acid anions and amylose 
increases with chain length, and decreases with unsaturation (Hahn & Hood, 1987). The 
polar head of the fatty acid is important for the tendency to form type II complexes, which 
are hardly created by the shorter fatty acids (C10 and C12). In contrast, corresponding 
monoglycerides have been shown to form type II complexes easily. Tufvesson et al. 
(2003b) suggested that a reason for this feature might be the steric and electrostatic 
repulsion of the carboxylic group of the fatty acid, which is outside the helical segments of 
the amylose. Short heat treatment was found to favour the formation of form I complexes 
while the longer heating cycle favours formation of complex II, the effect being larger for 
the long fatty acids than for the short ones. 
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Several studies focused on the influence of amylose chain length (degree of 
polymerization) on the crystallization and the thermal stability of amylose/fatty acid 
complexes obtained from different combinations of amylose fractions and fatty acids. 
Complexation yields, relative crystallinities, dissociation temperatures and enthalpies 
increase with amylose chain lengths (Godet et al., 1993, 1995a,b, 1996). In contrast, 
“hydrocarbon chain length of the guest molecule has apparently little effect on dissociation 
enthalpy. This is understandable, since enthalpy change is effectively a measure of energy 
required per unit of complex. The interaction between, for example, one turn of the 
amylose helix and the hydrocarbon chain within it is constant and independent of 
hydrocarbon chain length. Thus both dissociation temperature and enthalpy of dissociation 
can be explained in terms of the crystal lattice structure for complexes of amylose with 
alcohols of varying chain length” (Whittam et al., 1989). Dimensions of lamellar 
arrangements formed by alternation of the crystalline and amorphous regions are strongly 
dependent on amylose DP, with crystal thickness increasing with amylose chain length 
(Godet et al., 1996).  
The minimum amylose DP necessary to form a complex (type I or II) with a 
monoacylglycerol or a long fatty acid that precipitates from the complexation medium has 
not been definitely determined. As studied by Godet et al. (1995a), amylose with DP of 20 
never precipitated whatever fatty acid was used. In the study by Gelders et al. (2004), 
amyloses of different peak DP (20, 60, 400, 950) were complexed with docosanoic acid 
(C22) and glyceryl monostearate in order to elucidate the critical DP required for complex 
formation. Relative crystallinities and thermal stabilities of the DP 950-complexes were 
slightly lower than those of the other amylose fractions, probably due to increased 
conformational disorder resulting in crystal defaults. Molecular weight distributions of the 
complexes revealed that, irrespective to the complexation temperature, the critical DP for 
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complex formation and precipitation was 35 and 40 for complexes with GMS and C22, 
respectively, corresponding to the length needed to accommodate two GMS- or C22-
molecules within an amylose helix. Moreover, Gelders et al. (2004) concluded that 
complexation of dextrins with lipid of chosen length allows to separate dextrins with a 
predictable critical chain length as border. Dextrins of sufficient DP will complex and 
precipitate, while the shorter dextrins will remain in solution. 
 Protein was shown to have an effect on the properties of starch-lipid complexes 
through a three-way interaction between starch, protein, and free fatty acid (FFA). A 
distinct three-component water-soluble complex was identified through size-exclusion 
chromatography (Zhang et al., 2003). “Starch–FFA complexation was decreased in pastes 
by the presence of whey protein, but the crystalline order of the V-type starch–FFA 
complex was better defined. This ordered starch–FFA complex with protein present was 
quantitatively thermally reversible as measured by melting and reformation enthalpies. 
Formation of the cooling stage viscosity peak appeared to be related to the presence of the 
ordered V-type starch–FFA complex. It is unclear what the mechanism might be to explain 
the observations. However, the formation of the three-component complex upon paste 
cooling indicates that whey protein may restrict the random movement of the basic 
structural element of the amylose–FFA complex, which may in turn assist the folding of 
these basic structural elements to form a more ordered amylose–FFA complex and 
decrease the opportunity for further complexation between amylose and FFA. In light of 
the common occurance of the components tested, it would appear likely that such 
interactions are common in cooked starchy foods and may influence their functionality” 
(Zhang et al., 2003; Zhang & Hamaker, 2003, 2004). 
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Electrolytes and low molecular weight solutes such as glycerol and urea have an 
effect on the melting of amylose-lipid complexes. Thermal stability changes can be 
interpreted not only by the action of solutes on water structure, but also by promoting 
specific interactions between the polymer and the ions present (Jovanovich & Anon, 1999). 
The effects of low molecular weight solutes are in agreement with the lyotropic series. 
Chaotropic anions, such as SCN-, destabilize structure, whereas anions of high Hoffmeister 
number increase the stability of the amylose-lipid complex. Similar behaviour was 
observed when analysing cations (Jovanovich & Anon, 1999). Stabilization is observed at 
low Ca2+ concentrations, where preferential hydration of the polymer occurs. With high 
concentrations, in contrast, destabilization probably occurs due to increased electrostatic 
interaction. 
 
1.7.6  Enzymatic digestion of starch and starch-lipid complexes 
The digestion of starch by α-amylases has been the subject of many investigations 
in recent years due to its analytical and possible nutritional significance in the context of 
dietary fiber. Starch must be completely depolymerized to glucose before it can be 
absorbed from the small intestine. Depolymerization is effected by several digestive 
enzymes that cleave the α-(1→4) and α-(1→6) glucosidic bonds. Apart from factors 
extrinsic to the starch (differences in chewing the food or transit through the bowel), 
incomplete digestion of starch may be caused by different factors intrinsic to the starch 
(Eerlingen et al., 1994). 
The rate and extent of amylolytic hydrolysis of granular starches depends not only 
on the botanical origin of the starch and enzyme source, but also on the industrial 
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processing and storage conditions to which starch is subjected. Granular starches are more 
resistant towards α-amylolysis than gelatinised starch. Structural parameters of the granule 
are also important: crystallinity, granule size and available specific surface, amylose to 
amylopectin ratio, accessibility, porosity, structural inhomogenities and degree of integrity 
are amongst those mentioned most frequently (Jacobs et al, 1998b; Knutson et al., 1982; 
Planchot et al., 1995; Ring et al., 1988, Zhang et al., 2006a,b). Factors limiting enzymic 
hydrolysis are diffusion in the granule and adsorption of the enzyme on the starch 
molecules. Inhibition of α-amylase by hydrolysis products such as maltose and maltotriose 
is known to occur (Colonna et al., 1988; Leloup et al. 1991). 
The kinetics of α-amylolysis of granular and gelatinized starch are characterised by 
an initial rapid hydrolysis phase followed by a slower phase (Colonna et al., 1988). The 
reduction in the hydrolysis rate is probably caused by product inhibition of the α-amylase 
activity. During α-amylolysis by bacterial or pancreatic enzymes, the amorphous parts are 
thought to be more rapidly degraded than crystalline zones due to the steric incompatibility 
of double helix and active site of α-amylases (Gallant et al., 1992). Therefore, hydrolysis 
of a crystalline starch substrate requires a preliminary disentanglement of chains by the 
same enzyme (Colonna et al., 1988). 
Hydrolysis of wheat and of potato starches with bacterial α-amylase occurs granule 
by granule. Thus, such enzyme action is not uniform throughout the granule population. 
This contrasts with acid hydrolysis or with enzymic hydrolysis of corn starch which occurs 
throughout the granules with preferential attack on the amorphous parts (Kainuma & 
French, 1971). Indeed, SEM observations of the residual starches reveal significant 
differences in the appearance of partly degraded starches. Corn starch granules are highly 
damaged with many pores while, as a result of “all-or-none” mode of hydrolysis, the 
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residues of wheat or potato granules are slightly pitted or scratched (Kitahara et al., 1994). 
Enzymes from different sources give different degree of hydrolysis under identical 
conditions. For example, bacterial α-amylase gives a lower degree of hydrolysis of 
glycerol monostearate-amylose complex than pancreatic enzyme (Seneviratne & 
Biliaderis, 1991). Differences in specificity between pancreatic and microbial α-amylases 
seem to be brought about by differences in the interconnecting loops between β-structures 
and α-helices involved in substrate binding. 
Bacterial enzymic hydrolysis does not influence the crystallinity and differential 
scanning calorimetry thermograms of starches. Also, the amylose to amylopectin ratio of 
corn, wheat and oat starches is not affected by α-amylolysis, even after 50% solubilisation 
(Colonna et al., 1988). However, when residues of fungal or pancreatic α-amylolysis are 
observed with scanning and transmission electron microscopy, successive internal layers 
are observed, corresponding to alternating areas with strong and weak susceptibilities to 
enzymic attack. Less susceptible regions include crystalline lamellae. Extensive hydrolysis 
of most starches leads to the formation of individual blocklets delineated by simultaneous 
radial and tangential hydrolysis (Planchot et al., 1995). 
The detailed mechanism of α-amylolysis depends on the botanical source of the 
starch. The pancreatic α-amylolysis of wheat starch (A-type) is characterised by the 
formation of holes and preferential disruption of the core of the granule (Gallant et al., 
1973). In a first stage, granular surface is attacked and susceptible zones are pitted. These 
pits enlarge and numerous canals are formed by endocorrosion towards the center of the 
granule. Apart from such radial hydrolysis, tangential hydrolysis occurs in the most 
susceptible layers of the granule. This leads to the observation of a sawtooth pattern at the 
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edges of the radial channels and in a later stage the successive amorphous and crystalline 
layers in the granule. 
Both added and endogenous lipids, although present in low quantities, have an 
influence on resistant starch formation in starch. On the one hand, V-form complexes, in 
which starch becomes associated with lipid, are digested incompletely in the human small 
intestine (Murray et al., 1998). On the other hand, endogenous and added lipids can also 
form enzyme-digestible inclusion complexes with amylose resulting in less amylose being 
available to form resistant double helices. Thus, resistant starch yields of autoclaved starch 
increase by defatting starch and decrease by addition of exogenous lipids. Minor quantities 
of lipids may cause significant changes in RS yield by occupying segments of the amylose 
chain (amylose-lipid complexation) and by causing steric hindrance for formation of 
double helices in the uncomplexed segments of chain (Eerlingen et al., 1994). 
The enzymatic availability of the complex seems to depend on the ligand in the 
same way as the thermal properties (Eliasson & Krog 1985). The rate and extent of α-
amylolysis of amylose complexed with monstearate are inversely related to the degree of 
organisation and perfection of ordered domains of aggregated chains: complexes with 
greater crystallinity are more resistant to enzymatic degradation (Biliaderis & Seneviratne 
1990; Tufvesson et al. 2001). The rate and extent of degradation of the complex with both 
bacterial and pancreatic enzymes decrease in the following order: form I > form IIa > form 
IIb. Although even crystalline forms of complexes can be fully degraded under prolonged 
digestion time and high enzyme levels, these complexes can be regarded as components of 
the dietary fiber. This is due to the fact that the plasma glucose and insulin levels, 
following ingestion of complexed amylose, are significantly lower than those after 
ingestion of free solubilized amylose (Eliasson & Krog, 1985; Seneviratne & Biliaderis 
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1991). Such differences in enzymatic availability indicate that the presence of amylose-
lipid complexes, especially in the different forms, gives an opportunity to manipulate the 
bioavailability of starchy food (Tufvesson et al., 2003a). Complexes with long saturated 
monoglycerides are more resistant to enzymic breakdown than complexes with shorter 
aliphatic chains or greater degrees of unsaturation of the ligand. 
In the study by Larsson & Andmiezis (1979), potato starch gels were exposed to 
monoolein solubilized in bile acid micelles and in the form of cubic aqueous phase, in 
order to simulate the situation occurring in the intestine. The gels were degraded by 
pancreatic amylase, and this process was followed by colorimetric determination of 
dextrose equivalents (DE). A reduction in DE-values after 1 hour of about 20% was 
observed in the starch gels first exposed to lipids compared to the situation when amylase 
was added directly to the same starch gel. Similar results were reported by Crowe et al. 
(2000). 
Repeated cycles of autoclaving and cooling can be used to increase the formation 
of resistant starch in some starchy foods. Enzyme-resistant starch has been shown to be a 
product of starch retrogradation (Berry, 1986). Starch retrogradation encompasses two 
processes: a short-term development of the gel structure, which is governed by the 
crystallization of amylose, and a long-term process that is due to retrogradation of 
amylopectin. The formation of resistant starch structures is considered to be linked to 
interchain association of the amylose fraction. As studied by Sievert et al. (1991), 
structural transformation of native amylomaize starch occurs during repeated autoclave 
treatment. Repeated autoclaving and cooling is characterized by a decrease in V-structure 
and increase in B-structure, which indicates that amylose-lipid complexes melt out and 
more amylose becomes associated with B-type crystallites (Sievert et al., 1991). 
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Typical application of the fact that starch becomes more resistant to digestion after 
repeated autoclaving is the formulation of functional foods with reduced digestibility, such 
as ingredients enriched in resistant starch. Aparicio-Saguilán et al. (2005) prepared 
resistant starch-rich powders by consecutive autoclaving/cooling treatments of native and 
lintnerized, i.e., subjected to prolonged acid treatment banana starch. The autoclaved 
samples had higher RS content than their parental counterparts, but the lintnerization 
allowed development of higher RS proportions (19%, dry matter basis). These RS products 
exhibit thermal stability, as indicated by the high peak transition temperature, suggesting 
that the induced retrogradation process produced crystalline arrays of limited susceptibility 
to enzymatic digestion. The crystalline arrays disorganize only at relatively high 
temperatures, which could be of major importance in the potential formulation of RS-rich 
processed products. The pasting behavior of the RS products was less pronounced than that 
of the raw counterparts. Hence, potential use of RS products as processed food ingredients 
should not impact final product viscosity, which is an important feature for their use as 
functional ingredients (Aparicio-Saguilán et al., 2005). 
In general, amorphous starch and helical complexes of starch coexist in cooked 
starchy foods such as rice. The helical complex is considered more resistant to enzymatic 
attack than amorphous starch and seems to be less resistant than retrograded starch (Holm 
et al., 1983). 
  
1.7.7  Starch-lipid complexes in food products 
 Both forms of amylose-lipid complexes may be found in processed starch-based 
food products depending on their thermomechanical history (Biliaderis & Galloway, 
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1989). The changes brought about by the formation of complexes between amylose and 
lipids have the effect on physical and chemical properties such as water solubility, pasting, 
viscoelastic and rheological characteristics as well as nutritional value of starchy foods 
(Kaur & Singh, 2000). 
Due to their ability to affect structural stability and the rheological behavior of 
starch during gelatinization, surfactants have been in use in food industry since the 1920s 
mainly as dough conditioners and crumb softeners in breads. This behavior is explained by 
the change of crystalline structure during retrogradation. Metastable complexes 
characterized by V-type pattern shown immediately after cooking change to a more stable 
structure partly characterized by B-type X-ray pattern through an amorphous state (Hibi et 
al., 1990). Similarly, use of monoglycerides in the production of dehydrated starchy foods 
is aimed at binding free amylose to control the stickiness or gluiness of the product through 
the role of the surfactant as an amylose complexing agent (Moorthy, 1985).  
The formation of complexes between amylose and lipids has an effect on the 
amount of the water-soluble carbohydrate that is leached out of starch granules. By 
removing lipids from the surface and interior of the granules, the amount of water-soluble 
carbohydrate is increased significantly. This can be interpreted in terms of the interaction 
between lipids and starch since the solubility of starch in water decreases with formation of 
starch-lipid complexes (Hibi et al., 1990; Hoover & Hadziyev, 1981). Starch solubility is 
closely related to viscosity properties. When a starch granule is gelatinized without stirring, 
amylose chains enter the aqueous phase and form a network which connects the individual 
granules. Treatment of starch with monoglycerides decreases the amount of leached-out 
amylose. When microscopic observations are related to the viscosity data of native and 
complexed starch, it appeares that the viscosity in a temperature range of 50-80°C 
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correlates closely with the extent of leached-out amylose rather than the swelling of starch 
granules. More leached-out amylose as viewed under microscope corresponds to the 
increased viscosity. The amylose leaching extent is a function of temperature, and at a 
given temperature is controlled by monoglyceride fatty acid chain length. Microscopic 
observation and analytical data obtained by X-ray diffraction, viscosity, turbidimetry and 
DSC proved that starch granules and fatty acid monoglycerides interact to form clathrate 
compounds which contribute to improved granule stability.  
“During human digestion, fat is degraded into fatty acids and monoglycerides and 
absorbed in micellar form in the upper part of the intestine. It seems probable to assume 
that sometimes there can be enough of time for interaction between starch and lipids, 
particularly if the starch is in the form which is slowly degraded by amylolytic enzymes 
(Larsson & Andmiezis, 1979). For example in bread and many other cereal products the 
starch fraction is only partly gelatinized and therefore the enzymatic degradation can be 
slow enough to make competitive binding by lipids necessary to consider. The result of 
such complex formation can be expected to give a dietary fiber contribution, and with 
regards to the small amounts of dietary fiber normally present in the food, this possibility 
can be hardly neglected (Larsson & Andmiezis, 1979). Whereas the possibility of 
formation of dietary fiber from starch and lipids may be regarded as a positive factor in 
humans, it is obvious that such complex formation should be avoided in animal feeds. 
Strict separation of starch and fat components in different meals might therefore increase 
the nutritional value” (Larsson & Andmiezis, 1979). 
Crystalline aggregates, resulting from crystallization of helical inclusion complexes 
of amylose with the native lipids have also been identified in jet cooked corn, rice and 
wheat starch (Fanta et al., 2002; Peterson et al., 2005). Steam jet cooking is a rapid and 
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continuous process that has been used for decades to prepare aqueous starch dispersions 
for industrial applications where high temperature and intense mechanical shear is 
encountered causing the starch to be dissolved and oil components to be dispersed, thus 
creating conditions appropriate for the complexation between the two components (Davies 
et al., 1980). 
During extrusion processes, the extent of complex formation of starch with lipids 
depends upon the type of lipid and the amylose content of starch. Similarly as for cooking, 
water solubility and susceptibility of the starches to α-amylase digestion both decrease 
upon formation of the complexes between amylose and lipids formed during extrusion of 
starches. Maximum complex formation occurs between myristic acid and high-amylose 
starches (Bhatnagar & Hanna, 1994). 
 
1.7.8  Amylopectin-lipid complexes 
The natural fatty acids of the starches and added monoglycerides modify granule 
gelatinization and retrogradation. It is generally accepted that it is amylopectin that 
determines the gelatinization properties of starch but effects of polar lipids on starch 
properties are often explained by the formation of amylose-lipid complexes. There are 
several reports in the literature that some lipids and surfactants can interact with 
amylopectin, thereby affecting starch properties (Evans, 1986; Gudmundsson & Eliasson, 
1990). 
The occurance of an amylopectin-lipid complex has been suggested although it has 
generally been believed that the amylopectin molecule does not fulfill all the basic 
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requirements for a complex formation. One objection has been that the branches of 
amylopectin are too short for the complex formation. Another objection was that the 
linkages at the α-(1→6) branching areas would cause a limitation for the complex. 
However, for complexes involving polar lipids, the helix around the monoacyl chain is 
usually composed of three turns. With each turn being composed of six to eight glucosyl 
residues, there are at most 18-24 glucosyl residues required for one helical inclusion 
complex to form. With an average chain length of 23-44 glucosyl residues for amylopectin 
(Hizukuri, 1985, 1986), it might then be possible for at least the outer branches to take part 
in complex formation. Nevertheless, it is important to note that many linear regions of the 
amylopectin are unable to form complexes of any form. However, if the amylopectin forms 
an inclusion complex with monoacyl substances, then it is plausible that amylopectin in the 
amorphous state is more susceptible to interaction with lipids than amylopectin in the 
crystalline state. 
There is no direct evidence that lipids can form a true inclusion complex with 
amylopectin comparable to the lipid-amylose complex (Evans, 1986; Kugimiya & 
Donovan, 1981) unless subjected to very unusual treatment (Slade & Levine, 1987). 
However, indirect evidence for the formation of an amylopectin-lipid complex includes the 
decrease in gelatinization enthalpy for a waxy maize starch in the presence of lipids, and 
the reduced retrogradation of waxy maize starch in the presence of lipids (Eliasson, 1994). 
These effects may be explained by destabilization of the crystalline lamellae by 
amylopectin–lipid complexes. To detect crystallinity by X-ray diffractometry, a minimum 
size of crystalline domains is required. Amylopectin-lipid complexes in native starch 
probably do not form crystallites of the proper size to provide a proof indicating their 
existence. Similarly, for a transition to be detected in the DSC, there has to be enough co-
operativity in the process, which is probably not achieved under most circumstances for an 
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amylopectin-lipid complex. The formation (and melting) of such a complex probably 
occurs over a broad temperature interval, without causing any distinct peaks in the DSC 
thermogram (Evans, 1986; Gudmundsson and Eliasson, 1990; Silverio et al., 1996). 
Together with indirect DSC evidence, some indications of the interaction between 
amylopectin branch chains with FFAs were reported based on the addition of palmitic acid 
in native and annealed waxy starches (Kaneda et al., 1996). Recent reports provided NMR 
evidence that under specific conditions glucan inclusion complexation of SDS is equally 
likely with amylopectin as with amylose (Debet & Gidley, 2006). 
Defatting can have a significant effect on the amount of water-soluble amylopectin 
in normal starch paste. The amount of water-soluble amylopectin in non-defatted starch 
paste increases as the amount of soluble amylose increases, which is seen in early stages of 
the gel aging process. These facts indicate that lipids can indirectly affect the behavior of 
amylopectin toward water through complex formation of amylose, which may be 
associated with amylopectin within a starch granule (Blanshard, 1987; Hibi et al., 1990; 
Hoover & Hadziyev, 1981).  
 
1.8  Conclusion 
The literature does not provide answers as to how the component parts of starch 
granules interact to provide the three dimensional structure. The location of amylose with 
respect to the amylopectin in the granule is uncertain, as is the role of endogenous lipid in 
cereal starches. Amylose is known to be a major determinant of the functional properties 
and structure of starches. However, the major component of most starches, amylopectin, is 
likely to significantly influence the technological and nutritional quality of starches, as 
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indicated from the variability of functional properties among starches from different 
botanical origins. Understanding structure-function relationship with underlying influence 
of genetic and environmental background is critical in the development of starches with 
new technological qualities and offer food producers novel ingredients to use in 
development of new foodstuffs. 
Starch-lipid interactions are known to modify the processing, shelf life, digestibility 
and nutritional value of starch-containing foods. However, most of the published studies on 
starch-lipid complexes have focused on the lipid component, because the test substances 
are readily available commercially. There is much less information on the influence of the 
starch component of cereals on complex formation with lipids, in part because of the 
limited availability of sufficient quantities of a range of varieties that differ in the nature of 
their starch. The influence of amylose:amylopectin ratio, chain length and branch 
distribution of amylopectin are the main starch characteristics the influence of which 
remains to be evaluated.  
Starch-lipid complexes may be formed under the optimised conditions when 
complex is precipitated from the solution. In contrast to this approach, amylose-lipid 
complexes can be also formed when starch and lipids are heated together, such as in the 
RVA. These two methods remain to be compared and advantages and drawbacks to be 
identified. There are a number of theories concerning the nature of amylopectin-lipid 
interactions, however, due to the lack of experimental data this issue remains largely in the 
level of theoretical discussion.  
These questions are further complicated by lack of understanding of how amylose-
lipid complexes influence the composite structure of starch. Techniques most suitable for 
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the examination of physical form of complexes are imaging techniques, differential 
scanning calorimetry and X-ray diffraction. Investigation of viscoelastic properties and 
susceptibility to enzyme attack provides insight into the prospective applications of the 
starch-lipid complexes within food industry. 
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1.9 Aims of the project 
 This thesis aims to investigate the influence of amylose content on granular 
structure and functional properties of starches of diverse genetic origin. More specifically, 
the aims of the project were: 
i. to characterize chemical composition and functional properties of starches isolated 
from Australian wheat varieties produced by the Value Added Wheat Cooperative 
Research Centre; 
ii. to investigate the potential of these varieties to be used as slowly digestible or 
resistant starch by means of in-vitro digestion analysis; 
iii. to study the interaction of these starches with lipids in model systems with focus on 
varietal influence in wheat starch on formation and properties of starch-lipid 
complexes. 
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Chapter 2 
2 MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Wheat samples 
Thirty-eight wheat (Triticum aestivum L.) varieties were used in the study. Of 
these, 35 varieties were produced through the Value Added Wheat CRC Ltd breeding 
program. This breeding program is based on commercial Australian hard wheat cultivars of 
diverse genetic background. Samples used in the study were grown in Eastern Australia 
over three growing seasons. Two varieties were waxy wheat varieties provided by George 
Weston Technologies. Grain samples from VAWCRC breeding program were milled with 
a laboratory Quadrumat Junior Mill (C.W. Brabender Instrument Inc., South Hackensack, 
NJ) using the AACC 26-50 method (American Association of Cereal Chemists, 2000). The 
waxy wheat varieties were milled commercially and provided as flour. A commercial plain 
white wheat flour obtained from a local supermarket was also included in the analyses. 
Commercial starch obtained from Penford Australia Pty Ltd (Lane Cove, NSW, 
Australia) as described by Tang & Copeland (2007a) was used in the study. According to 
the supplier’s specifications, the moisture content was 9.9% (w/w), lipid content was 0.25–
0.30% of dry matter, and the proportion of amylose was 25.5%. Free fatty acid acidity was 
equivalent to 3.5 mg of KOH per 100 g of starch and starch damage was 4% (Tang & 
Copeland, 2007a). 
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A set of maize starches with zero to 75% amylose was used for calibration purposes 
of the method used for determination of amylose content.  
 
2.1.2 Chemicals and Reagents 
Hydrochloric acid (HCl), sodium hydroxide (NaOH), iodine (I2), potassium iodide 
(KI), silver nitrate (AgNO3) were Analytical Reagent Grade. Solvents ethanol, acetone and 
dimethyl sulphoxide were analytical grade. Maltose and glucose were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). 3,5-Dinitrosalicylic acid (3,5-dinitro-2-
hydroxybenzoic acid, minimum purity 98%) was purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Concanavalin A from Jackbean (Canavalia ensiformis) meal was 
purchased from Megazyme International Ireland, Ltd. (County Wicklow, Ireland). 
Monoglycerides monocaprylin (C8:0), monocaprin (C10:0), monolaurin (C12:0), 
monomyristin (C14:0), monopalmitin (C16:0), monostearin (C18:0), monopalmitolein 
(C16:1), monoolein (C18:1), monoerucin (C22:1), monolinolein (C18:2), monolinolenin 
(C18:3) and tripalmitin and palmitic acid were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). All fatty acid double bonds in unsaturated monoglycerides were in cis 
configuration and all monoglycerides were at least 99 % pure. 
Enzymes pepsin from porcine gastric mucosa (EC 3.4.23.1), porcine pancreatic α-
amylase type VI-B (EC 3.2.1.1) and amyloglucosidase from Aspergillus niger (EC 3.2.1.3) 
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Enzymes β-amylase 
from Bacillus sp. (EC 3.2.1.2) and isoamylase (glycogen 6-glucanohydrolase, EC 3.2.1.68) 
from Pseudomonas sp. were purchased from Megazyme International Ireland, Ltd. 
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(County Wicklow, Ireland). Glucose Oxidase/Peroxidase Reagent containing glucose 
oxidase from Aspergillus niger (EC 1.1.3.4) and peroxidase from horseradish was 
purchased from Megazyme International Ireland, Ltd. (County Wicklow, Ireland).  
 
2.1.3 Water used for solutions 
Water purified by a Millipore Barnstead NANOpure II Ultrabrand Water 
Purification System (Millipore Corp., Bedford, MA, USA) with conductivity between 0.05 
and 0.07 μS⋅cm-1 was used to make all solutions. 
 
2.1.4 Buffers 
Sodium acetate buffer (0.4 mol/l, pH 4.75) was prepared by dissolving 23.6 ml of 
glacial acetic acid (CH3COOH) in 900 ml of deionized water. This solution was adjusted to 
pH 4.75 by the addition of 4 M (16 g/100 ml) sodium hydroxide solution. Sodium azide 
(0.2 g) was added for preservation and the volume was adjusted to 1 litre. 
Tris-maleate buffer (50 mmol/l, pH 6.9) was prepared by dissolving 6.06 g of 
tris(hydroxymethyl)aminomethane and 5.80 g maleic acid in 900 ml of deionized water. 
This solution was adjusted to pH 6.9 by the addition of 4 M sodium hydroxide solution. 
Sodium azide (0.2 g) was added for preservation and the volume was adjusted to 1 litre. 
 69
2.2 Methods 
2.2.1 Extraction of starch 
Starch was extracted from flour using a two-step procedure that involved enzymic 
removal of proteins and subsequent extraction of free lipids with ethanol based on the 
method described by Akerberg et al. (1998). Flour (5 g) was incubated at 37°C for 1 h in 
30 ml centrifuge tubes with 20 ml of 50 mM KCl solution adjusted to pH 1.5 with HCl and 
containing 1 g of pepsin (porcine gastric mucosa). The mixture was centrifuged at 3,000 g 
for 10 min, the supernatant was removed, and the pellet dispersed in 20 ml of 95% ethanol. 
After 10 min, the starch was collected by centrifugation at 3,000 g for 5 min and lipid 
extraction with ethanol was repeated. The pellet was dispersed in acetone, centrifuged at 
3,000 g for 5 min and left to dry at room temperature. 
 
2.2.2 Moisture content determination of wheat flour 
  Moisture content of grain, wheat flour and extracted starch was determined using 
the AACC method 44-15A (American Association of Cereal Chemists, 2000). Samples of 
2 g were placed in previously weighed aluminum dishes. The dishes were covered, 
weighed accurately, and placed uncovered with their lids in an oven at 135 ± 1°C for 
exactly 2 hours, commencing from the time when the oven returned to 135°C (recovery 
time was approximately 2 minutes). The dishes were removed, covered and placed in a 
desiccator until they reached room temperature (approximately 1 hour) before being 
weighed again. 
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The moisture content was calculated as follows: 
100% ×=
B
AMoisture , 
in which A = moisture loss in grams, B = original weight of sample. 
 
2.2.3 Determination of amylose content by iodine binding method 
Total amylose (T-AM) and free amylose (F-AM) content were determined by 
iodine binding according to Chrastil (1987). Starch (20 mg) was weighed into a test tube 
and 5 ml of 85% ethanol was added and the tubes were left for 30 min at 60°C with 
occasional mixing to extract the lipids. The samples were centrifuged and the supernatant 
liquors were discarded. Starch was solubilised by adding 4.0 ml deionised water and 2.0 ml 
1.0 M NaOH solution to the lipid-free samples and the test tubes were heated for 30 min at 
100°C with occasional mixing. An aliquot (0.1 ml) of this solution was added to 5 ml of 
0.5% trichloroacetic acid in a separate test-tube, the tubes were vortexed and 0.05 ml of an 
iodine solution (1.27 g I2 and 3.0 g KI/l) was added and mixed in immediately. The 
absorbance was read at 620 nm after 30 min at 25°C against a H2O blank. 
A calibration curve was derived using a set of maize starches with zero to 75% 
amylose. Total (T-AM) and free amylose (F-AM) values were obtained from iodine 
binding with and without lipid extraction by hot ethanol, respectively, whereas lipid-
complexed amylose (L-AM) was calculated as the difference between T-AM and F-AM. 
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2.2.4 Determination of amylose content by Amylose/Amylopectin 
Assay Kit 
Amylose content was determined using the Megazyme Assay Kit using the method 
described in the Amylose/Amylopectin Assay Kit Procedure manual by Megazyme 
International Ireland, Ltd. (County Wicklow, Ireland). Starch samples were completely 
dispersed by heating in dimethyl sulphoxide. Lipids were removed by precipitating the 
starch in ethanol and recovering the precipitated starch. After dissolution of the 
precipitated sample in an acetate/salt solution, amylopectin was specifically precipitated by 
the addition of concanavalin A and removed by centrifugation. The amylose in an aliquot 
of the supernatant was enzymically hydrolysed to glucose, which was analysed using 
glucose oxidase/peroxidase reagent. The total starch in a separate aliquot of the acetate/salt 
solution was similarly hydrolysed to glucose and measured colourimetrically by glucose 
oxidase/peroxidase. The concentration of amylose in the starch sample is estimated as the 
ratio of GOPOD absorbance at 510 nm of the supernatant of the concanavalin A 
precipitated sample, to that of the total starch sample. 
 
2.2.5 Amylopectin chain length distribution 
Amylopectin chain length distribution was determined by fluorophore-assisted 
capillary electrophoresis using the Beckman P/ACE System 5010, as described by Morell 
et al. (1998) and O’Shea et al. (1998). Starch (20 mg) was weighed into a 2 ml 
microcentrifuge tube. Water (750 μl) and sodium hydroxide solution (50 μl, 2 M NaOH) 
were added, with vigorous vortex-mixing immediately after each addition. The tubes were 
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heated in boiling water for 5 minutes and allowed to cool to room temperature. The 
following reagents were added with vortex-mixing: glacial acetic acid (32 μl), sodium 
acetate solution (100 μl, 1 M), deionized water (1 ml) and iso-amylase enzyme (10 μl). 
The samples were incubated at 37 °C for 2 hours and the reaction was stopped by placing 
the tubes in a boiling water bath for 10 minutes. Aliquots (50 μl) were taken to dryness in a 
vacuum drier. 
Labelling was performed by adding 3.5 µl of APTS (8-amino-1,3,6-
pyrenetrisulfonic acid) solution (5 mg APTS per 48 µl 15% acetic acid) and 3.5 µl of 
sodium cyanoborohydride (NaCNBH3) solution (6.3 mg per 100 µl water) to the dried 
aliquot and tubes were left overnight at 37°C in a water bath. Urea (40 μl, 6 M) and water 
(40 μl) were added and tubes were heated in a boiling water bath for 1 minute. The content 
of the tubes were filtered through a Wizard miniColumn (Promega part A7211) into a fresh 
microcentrifuge tube. 
Capillary electrophoresis was carried out using a neutral coated capillary (eCAPTM 
N-linked oligosaccharide profiling kit) purchased from Beckman Instruments. The length 
of the capillary was 47 cm (40 cm to the detector) with an internal diameter of 50 μm. 
Conditions used for carbohydrate separation were: 23.5 kV (current 14 mA) at 25°C with 
the cathode on the injection side (reversed polarity) and a laser-induced fluorescence 
detector (Beckman Instruments, Fullerton, CA). The excitation wavelength was 488 nm 
and emission wavelength was 520 nm. Sample was introduced into the capillary by 
pressure injection (0.5 psi for 5 sec). Because the endoosmotic flow and effective mobility 
of the components are the driving force in capillary electrophoretic separation technique, 
the peak width of the APTS-labelled oligosaccharides are migration-time-dependent. 
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Therefore, the area of the peaks corresponding to individual APTS-labelled 
oligosaccharides was time corrected using the following equation: 
timeretention
areacorrectedarea ×
×=
60
50)(  
where retention time in minutes for the analyte to pass the detector. 
 
2.2.6 Swelling power 
Swelling power was determined by measuring water uptake of starch granules 
using a 40-mg test according to the method of Konik-Rose et al. (2001). The swelling 
power test for both flour and starch was carried out in 0.1% AgNO3 solution to inhibit α-
amylase activity. Starch or flour (40 mg) was weighed to a 2 ml microcentrifuge tube, 1 ml 
of deionized water was added and tubes were vortex-mixed. The tubes were inserted into a 
polystyrene water bath carrier and inverted 6 times to remix. The carrier containing the 
samples was placed into a 92.5°C water bath. The tubes were inverted 20 times over the 
first minute, then twice at 1.5 min, 2 min, 3 min, 4 min, 5 min, 7.5 min, 10 min, 15 min 
and 25 min. After 30 min, the carrier with the samples was transferred into a 20°C water 
bath for 3 min, with two gentle inversions, initially and after 1.5 min. The tubes were 
centrifuged for 10 min at 17,000 g and the supernatant was carefully removed by suction 
and discarded. The tubes were dried in an oven (70°C) for 1 hr, with lids open. Lids were 
closed and tubes were placed in a dessicator for 30 min to cool. Swelling power was 
calculated using following equation:  
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MS
XCPowerSwelling −=
 
where C is the weight of the tube with the sediment, X is the weight of the empty tube and 
SM is the weight of starch corrected for moisture content. 
 
2.2.7 Starch pasting properties 
Pasting properties of the starch and flour samples were analyzed using a Rapid 
Visco Analyser RVA-4 (Newport Scientific, Warriewood, Australia) according to the 
AACC 76-21 method (American Association of Cereal Chemists, 2000). Standard Method 
1 (STD1) provided by the instrument manufacturer was used with 3.5 g of flour (corrected 
to 14% moisture content) or 3 g of starch (10% moisture) with 25 ml of deionized water. 
Water was weighed directly into a test canister and the appropriate amount of flour of 
starch was added and the mixture was agitated by raising and lowering the plastic paddle 
through the canister 10 times before inserting the canister into the instrument. The starch 
suspension was stirred at 960 rpm for 10 s before the shear input was decreased and held 
constant at 160 rpm during the subsequent heating and cooling cycle. The suspension was 
heated from 50 to 95°C in 3 min and 42 s, held at 95°C for 2 min and 30 s before cooling 
to 50°C over 3 min and 48 s. Peak viscosity (PV), viscosity at trough (also known as 
minimum viscosity, MV), and final viscosity (FV) were recorded, and breakdown (BD, 
which is PV minus MV) and setback (SB, which is FV minus MV) were calculated using 
the Thermocline software provided with the instrument (Fig. 2.1). 
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 Figure 2.1. Typical RVA profile of wheat starch. 
 
Lipids (30 mg) were added directly to the starch-water mixture as appropriate. The 
increase in FV (ΔFV) was calculated as the percentage difference between FV of starch 
pastes with added lipid compared to starch alone as follows: 
SSLS FVFVFVFV )(100 −=Δ − , 
where FVS is the final viscosity of the starch-alone paste, and FVS-L is the final viscosity of 
starch paste with added lipid. 
 
2.2.8 Starch pasting properties with repeated heating and cooling 
Rheological properties of the starch samples under repeated heating and cooling 
were analyzed using a Rapid Visco Analyser RVA-4 (Newport Scientific, Warriewood, 
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Australia) according to the modified AACC 76-21 method (American Association of 
Cereal Chemists, 2000). Starch (3 g) was used in combination with 25 g of deionized 
water. Lipids (30 mg) were added to starch in the amount corresponding to 1 % (w/w) per 
weight of starch. An RVA profile consisting of 15 repeated heat-cool cycles of 12 minutes 
each was employed. This profile featured constant mixing speed of 160 rpm with 
temperature profile of the single heat-cool cycle as follows: keep at 50°C for 1 min, 
increase to 95°C in the course of 3 min 42 sec (rate 12.1°C per minute), keep at 95°C for 2 
min 30 sec, decrease to 50°C in 3 min 48 sec (rate 11.8°C per minute) and keep at 50°C for 
1 minute. This profile was based on STD1 profile available in the Thermocline software 
and is subsequently referred to as 15STD1. Starch pastes were frozen at -80°C at the end of 
the RVA cycle, freeze-dried and ground into a powder using a mortar with pestle. 
 
2.2.9 Particle size distribution 
Particle size distribution was determined in the laboratories of Allied Mills, Sydney 
using a Mastersizer laser diffraction instrument in wet-cell mode. Prior to analysis, starch 
samples were dispersed in deionised water and filtered through a 63 micron sieve. Results 
are presented as the ratio of particles of diameter less than 10 μm (assumed to be mostly B 
granules) and particles with diameter between 10 and 35 μm (assumed to be mostly A 
granules). 
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2.2.10 Wide angle X-ray diffraction 
XRD measurements of starch samples were made with a Difftech Mini Materials Analyser 
X-ray diffractometer (GBC Scientific Equipment Pty. Ltd.). The X-ray generator was 
equipped with a cobalt anode (λ = 1.78897 Å) operating at 1 kW and 3.36 mA. X-ray 
diffractograms were acquired at room temperature (20 ± 1°C) over the 2θ range of 5° to 
35° at a rate of 0.50° 2θ per minute and a step size of 0.05° 2θ. Traces software v. 6.7.13 
(GBC Scientific Equipment Pty. Ltd.) was used to manually subtract the background 
representing the amorphous portion of diffractograms. Starch crystallinity was calculated 
as a ratio of the crystalline area to the amorphous area. Perfection of the crystalline 
structures of the samples was assessed based on the full width at half maximum values of 
selected peaks typical for type A crystallinity. Starch crystallinity was also calculated using 
the peak-fitting approach as described by Lopez-Rubio et al. (2008) using the Igor software 
package (Wavemetrics, Lake Oswego, Oregon). 
 
 
2.2.11 Small angle X-ray scattering 
SAXS measurements were obtained with a Bruker Nanostar SAXS camera, with 
pin-hole collimation for point focus geometry. The X-ray source was a copper rotating 
anode (0.1 mm filament) operating at 50 kV and 24 mA, fitted with cross coupled Göbel 
mirrors, resulting in a Cu Kα radiation wavelength of 1.5418 Å. The SAXS camera was 
fitted with a Hi-star 2D detector (effective pixel size 100 μm). The sample to detector 
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distance was chosen to be 650 mm, which provided a q-range from 0.02 to 0.3 Å-1, where q 
is the magnitude of the scattering vector defined as: 
θλ
π sin4=q , 
with λ the wavelength and 2θ the scattering angle. Starch samples were presented in 2 mm 
sealed glass capillaries. Scattering data of starch samples were collected as starch 
suspensions containing excess water above the settled starch granules. SAXS curves of 
waxy starch and starch extracted from commercial flour were collected once only, whereas 
9 replicate SAXS curves of the 10 starch samples from the VAWCRC were collected using 
separate capillaries; the enhanced precision offered by measuring sufficient duplicates 
enabled subtle differences in lamellar architecture to be discerned . The optics and sample 
chamber were under vacuum to minimize air scattering. Scattering files were normalized to 
sample transmission, and after subtracting background, averaged radially using macros 
written in the Igor software package (Wavemetrics, Lake Oswego, Oregon, USA). SAXS 
curves were plotted as a function of relative peak intensity, I, versus q, the scattering 
vector. 
The parameters of the SAXS peaks of the varieties with increased amylose content, 
namely the thickness of the lamella and thicknesses of the crystalline and amorphous 
regions of the lamella, were determined considering the ideal lamellar model, which 
consists of alternating crystalline and amorphous lamellae that are placed in stacks with 
dimensions that are large enough not to affect the small angle scattering (Balta Calleja & 
Vonk, 1989; Koberstein & Stein, 1983; Strobl & Schneider, 1980). The model is assumed 
to be isotropic, that is it has no preferred orientation. Extrapolated scattering curves were 
Fourier transformed into a one dimensional correlation function using the CORFUNC 
program (part of the CCP13 suite of software). The correlation function was interpreted in 
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terms of an ideal lamellar morphology using Igor software package to obtain structural 
parameters describing the sample by curve fitting approach, namely the long period Lp 
(also known as Bragg spacing d or lamellar repeat distance), hard block thickness Lc and 
soft block thickness La. Electron density contrast was calculated from the one dimensional 
correlation function. The intensity of the scattering peak was determined by the graphical 
method as described by Yuryev et al. (2004). Waxy and commercial samples used in this 
study were analyzed by the same graphical method to determine repeat distance and peak 
intensity. 
An alternative approach is to invoke the model proposed by Daniels & Donald 
(2003). However, this model utilizes eight adjustable parameters to account for the small-
angle scattering. In the absence of additional scattering information, such as that obtained 
with combined neutron contrast variation methods and subsequent simultaneous global 
refinement, this method produces significant uncertainties in the fitting parameters, which 
limits its application. Hence, the simpler approach to allow comparison to be made 
between samples was used. 
 
2.2.12 Differential scanning calorimetry 
DSC measurements were made using a Modulated Differential Scanning 
Calorimeter MDSC 2920 instrument (TA Instruments Inc., Delaware, USA).  Starch and 
deionized water were weighed directly into an aluminum pan at a starch:water ratio of 1:2, 
and the pan was hermetically sealed. An empty pan was used as a reference. The pans were 
heated from 30 to 140°C with the temperature increased at a rate of 10°C/min. The 
instrument was calibrated using indium as a standard. Melting temperatures were 
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determined from the thermograms by means of the Universal Analysis 2000 software 
provided by the instrument company.  Calorimetric enthalpy (ΔHm) was determined by 
numerical integration of the area under the peak of thermal transition above the 
extrapolation lines. The average values of the thermodynamic parameters were determined 
using duplicate measurements and normalized per mole of anhydroglucose units (162 
g⋅mol−1). 
 
2.2.13 Scanning electron microscopy 
Images of the starch granules were acquired with a Philips XL30 scanning electron 
microscope. Samples were mounted on double-sided carbon tape, coated with gold and 
imaged under an accelerating voltage of 10kV. Multiple micrographs of each sample under 
given conditions were collected and examined. 
 
2.2.14 Determination of resistant starch content 
Resistant starch content was determined according to the AACC method 32-40 
using the Megazyme Resistant Starch Assay Kit (American Association of Cereal 
Chemists, 2000). The method, which is described in detail in the Resistant Starch Assay 
Procedure manual by Megazyme International Ireland, Ltd. (County Wicklow, Ireland), 
was briefly as follows. Samples were incubated in a shaking water bath with pancreatic α-
amylase and amyloglucosidase for 16 hr at 37° C, during which time non-resistant starch 
was solubilised and hydrolyzed to glucose by the combined action of the two enzymes. 
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The reaction was terminated by the addition of an equal volume of ethanol and the resistant 
starch was recovered as a pellet on centrifugation. This was washed twice by suspension in 
aqueous ethanol (50 % v/v), followed by centrifugation. The supernatant free liquid was 
removed by decantation. RS in the pellet was dissolved in 2 M KOH with vigorous stirring 
in an ice-water bath over a magnetic stirrer. The solution was neutralized with acetate 
buffer and the starch was quantitatively hydrolyzed to glucose with amyloglucosidase. 
Glucose was measured with glucose oxidase/peroxidase reagent, giving a measure of the 
RS content of the sample. 
 
2.2.15 Complexation of starch with lipids 
Lipids and starches were complexed in an aqueous environment according to the 
following method. Starches were first freed of endogenous lipids by dissolving 20 mg of 
starch in 1 ml dimethylsulphoxide with heating in a boiling water bath for 15 min. Ethanol 
(5 ml) was added and the starch samples were kept at 60°C for 30 min before precipitated 
starch was collected by centrifugation at 3,000 g for 5 min. The pellet was dissolved in 5 
ml of deionized water with heating in a boiling water bath. Lipid dissolved in 0.1 ml of 
ethanol was added to the starch solution and the mixtures incubated for 60 minutes at 80°C 
with continuous mixing. 
The complexing index (CI) of starch was measured by the method of Gilbert & 
Spragg (1964) with modifications as follows. An aliquot of starch solution (0.1 ml) was 
added to 5 ml of deionized water and 0.05 ml of iodine solution (0.13% w/v I2 and 0.3% 
w/v KI in water) was added with mixing. The absorbance at 620 nm was read after 30 min 
at 25°C. Complexing index (CI) was calculated as follows:  
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SLSS AAACI )(100 −−= , 
where AS is the absorbance of the starch solution without added lipid, and AS-L is the 
absorbance of the starch solution with added lipid. 
2.2.16 In-vitro enzymic digestion of starch 
For microscopy studies, starch (20 mg, 10% moisture) was digested enzymically at 
37°C with 30 IU of porcine pancreatic α-amylase type VI-B (EC 3.2.1.1) in 5 ml of tris-
maleate buffer (50 mM, pH 6.9). In order to compare the digestion pattern of α-amylase 
with other enzymes, starches (20 mg) were also exposed to: β-amylase (EC 3.2.1.2) from 
Bacillus sp. (100 IU) in sodium acetate buffer (100 mM, pH 7.2) at 40°C, isoamylase 
(glycogen 6-glucanohydrolase, EC 3.2.1.68) from Pseudomonas sp. (10 IU) in sodium-
acetate buffer (50 mM, pH 4.5) at 50°C, and amyloglucosidase (EC 3.2.1.3) from 
Aspergillus niger (5 IU) in sodium-acetate buffer (50 mM, pH 4.5) at 37°C. The reaction 
between starch and enzymes was stopped at specific time intervals by centrifugation at 
2,000 g for 10 min and twice washing the pellet with acetone. Starch was left to dry at 
room temperature. 
For studies of digestion kinetics, granular, gelatinized, retrograded and lipid-
complexed starch was subjected to starch-degrading enzymes under same conditions as for 
microscopy studies. Gelatinized starch was prepared by placing 20 mg of native granular 
starch in 3 ml deionized water in boiling water bath for 30 min. Lipid-complexed starch 
was prepared by adding 0.3 mg monopalmitin to 20 mg of gelatinized starch and 
incubating for 1 hour at 80°C. Retrograded starch was prepared by storing gelatinized 
starch at 4°C for 72 hours. Gelatinized and granular starches for the capillary 
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electrophoresis were partly digested by porcine pancreatic α-amylase in the same 
conditions as for the kinetic measurements. 
Degree of starch hydrolysis by α- and β-amylase was determined by measuring the 
production of reducing malto-oligosaccharides using the 3,5-dinitrosalicylic acid 
colorimetric procedure of Bernfield (1951). Dinitrosalicylic acid colour reagent was 
prepared by dissolving 1 g of 3,5-dinitrosalicylic acid in 50 ml of deionized water. Sodium 
potassium tartrate tetrahydrate (30 g) was added slowly followed by addition of 20 ml of   
2 M NaOH. The solution was diluted to a final volume of 100 ml with deionized water and 
protected from carbon dioxide during storage. Partially hydrolysed starch solution (0.2 ml) 
was mixed with   0.2 ml of reagent in a test tube and placed in a boiling water bath for 5 
min. Deionized water (3 ml) was added to the tubes, mixed well and absorbance at 540 nm 
was read.  A calibration curve was derived from standard maltose solutions. 
Degree of hydrolysis by amyloglucosidase was measured using the colourimetric 
glucose oxidase-peroxidase method described by Bergmeyer et al. (1974). GOPOD reagent 
was prepared by dissolving 12,000 U of glucose oxidase, 650 U of peroxidase and 80 mg 
of 4-aminoantipyrine in 1 litre of deionized water. Starch solution (0.1 ml) was mixed with 
3 ml of GOPOD reagent in a test tube and incubated at 50°C for 20 min and absorbance at 
540 nm was read.  A calibration curve was derived from standard glucose solutions. It 
should be noted that these methods measure production of detectable products, which do 
not necessarily correspond directly to enzyme activity. 
For studies of the starch architecture, the extent of β-amylase hydrolysis of the 
starches was determined from the iodine-binding value of the β-limit dextrin as a 
percentage of the iodine-binding value of the initial starch solution. Starch (20 mg) was 
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gelatinized in 3 ml sodium acetate buffer (100 mM, pH 7.2) by heating in a boiling water 
bath, β-amylase from Bacillus sp. (100 IU) was added and the mixtures were incubated for 
24 hours at 40°C. The reaction was heated in a boiling water bath for 5 minutes at the end 
of the incubation. Iodine value before and after β-amylolysis was measured by the method 
of Chrastil (1987). The increase in iodine-binding value due to debranching of starch by 
isoamylase was determined similarly, except that sodium acetate buffer (100 mM, pH 4.5) 
and isoamylase from Pseudomonas sp. (10 IU) were used. The extent of iso-amylolysis 
was calculated as the percentage ratio of the iodine value of the debranched starch 
compared to the initial starch solution. 
 
2.2.17 Texture profile analysis 
Starch pastes formed in the RVA canisters were prepared for Texture Profile 
Analysis as follows. The paddle was removed from the canister immediately after the 
completion of the RVA profile and the bottom of the canister was tapped several times on 
the bench to create a flat surface on the top of the paste. Canisters were covered by 
Parafilm to prevent moisture loss and left overnight at 4°C. Texture analysis was carried 
out using a TA-XT2 Texture Analyser (Stable MicroSystems, UK) fitted with an ebonite 
cylindrical probe with diameter of 12 mm. Canisters were positioned centrally under the 
probe and upon attainment of a trigger force of 4 g the probe was allowed to penetrate into 
the starch gel at a constant rate of 0.5 mm/s to a compression depth of 10 mm. A single 
compression cycle with zero gap between compression and release was applied. From the 
force-time curve obtained, hardness (height of the force peak) was computed using the 
Texture Expert software supplied with the instrument. 
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 2.2.18 Statistical analysis 
Statistical analysis of all data in this thesis was performed using XLStat software 
(Addinsoft, NY).  Analyses were generally performed on at least duplicate samples. 
Pearson’s correlation coefficients were calculated between pairs of individual 
characteristics. Based on the Pearson’s correlation coefficient and a number of data pairs, 
the significance of the correlation for each pair of characteristics was determined. 
Statistical significance was set at p<0.05. The two waxy lines were not included in the 
statistical analysis so as not to distort the correlation coefficients by artificially increasing 
in the range of measured characteristics. Waxy lines were used in this study to serve as a 
distinctive reference point to the remaining samples in order to discuss the pasting 
properties of starches over a wide range of amylose content. 
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Chapter 3 
3 PASTING AND SWELLING PROPERTIES OF WHEAT 
FLOUR AND STARCH IN RELATION TO AMYLOSE 
CONTENT 
 
3.1 Introduction 
An important property of starch in relation to its functionality is its ability to absorb 
water, resulting in gelatinization and loss of granular organization. Swelling tests are 
simple analyses that measure the uptake of water during the gelatinization of starch. In 
wheat starches, amylopectin is considered to contribute to water absorption, swelling and 
pasting of starch granules, whereas amylose and lipids tend to retard these processes 
(Tester & Morrison, 1990). An inverse correlation was found between amylose content and 
swelling power (Sasaki & Matsuki, 1998). No correlation was reported between starch 
lipid content and starch swelling, but a higher proportion of long chains (DP > 35) in 
amylopectin was reported to contribute to increased starch swelling (Sasaki & Matsuki, 
1998). 
These relationships between water absorption, pasting properties of starches and 
amylose and amylopectin content and molecular structure are complex, with many reports 
in the literature describing differing effects depending on the experimental conditions (for 
example, see reviews by Jane et al., 1999; Lindeboom et al., 2004). Pasting behavior of 
starch is not only related to genotype, but is also influenced by environmental factors 
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during crop growth (Dang & Copeland, 2004; Geera et al., 2006). Jane & Chen (1992) 
concluded that the amylopectin chain length distribution and amylose molecular size 
produce synergistic effects on the viscosity of starch pastes. Swelling power has been 
correlated with pasting characteristics of wheat starch as measured in the RVA 
(McCormick et al., 1991; Yamamori et al., 2006). 
In this chapter, the influence of starch properties, including total, free and lipid 
complexed amylose contents, and amylopectin chain length distribution, on swelling 
behavior and pasting properties of flour and starch from wheat varieties with varying 
amylose content was investigated. The results are discussed in relation to the principles 
underlying swelling tests and pasting behavior of wheat starches. 
 
3.2 Results  
Thirty-eight wheat varieties as described in the Materials section 2.1.1 were used in 
the study. Amylose content was determined by iodine-binding method (2.2.3) and 
amylopectin chain length distribution was determined by fluorophore-assisted capillary 
electrophoresis (2.2.5). Swelling power and pasting properties were measured by method 
of Konik-Rose et al. (2001) (2.2.6) and Rapid Visco Analyser (2.2.7), respectively. The 
two waxy lines were not included in the statistical analysis so as not to distort the 
correlation coefficients by artificially increasing the range of measured characteristics. 
Waxy lines were used in this study to serve as a distinctive reference point to the remaining 
samples in order to discuss the pasting properties of starches over a wide range of amylose 
content. 
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3.2.1 Starch and flour properties 
All of the flours had between 50 and 64% of particles with size distribution 
between 10 and 35 μm (presumed to be predominantly A granules). T-AM, F-AM and L-
AM varied between 35 and 43%, 26 and 35% and 4 and 14%, respectively. Between 67 
and 89% of the amylose was free, that is not complexed with lipids. Swelling power of 
flours ranged between 7.7 and 11.6, whereas starch swelling power varied between 5.4 and 
6.9. No statistically significant correlation was found between the size distribution of 
starch granules and total or free amylose content (Table 3.1, Appendix 1, 2, 3). 
 
Table 3.1: Summary of the range of the properties of the starches and flours used in this chapter. The 
percentage of A granules were calculated from the particle size distribution as particles with diameter 
between 10 and 35 μm. Peak viscosity (PV), minimum viscosity (MV), breakdown (BD), final viscosity 
(FV) and setback (SB) were obtained from RVA standard profiles. Amylopectin chain length 
distribution was divided into four groups according to the DP, as described in the text. 
Observations Minimum Maximum Mean
Free amylose (F-AM) 35 26.3 35.3 31.6
Total amylose (T-AM) 36 35.2 42.8 38.6
Lipid-complexed amylose (L-AM) 35 4.1 14.2 7.1
Swelling power of flour 32 7.7 11.6 9.4
Swelling power of starch 36 5.4 6.9 6.1
A granules (%) 36 50.3 64.4 57.6
Starch peak viscosity 36 171.8 258.5 212.8
Starch trough 36 137.0 196.3 158.2
Starch breakdown 36 34.5 90.9 54.6
Starch final viscosity 36 212.8 294.8 254.8
Starch setback 36 75.8 111.5 96.6
Flour peak viscosity 36 158.9 272.0 201.3
Flour trough 36 102.6 143.7 125.9
Flour breakdown 36 47.3 134.6 75.4
Flour final viscosity 36 202.0 262.3 239.5
Flour setback 36 95.9 134.0 113.6
DP 6-12 22 42.9 46.2 44.9
DP 13-24 22 47.3 50.2 48.7
DP 25-36 22 5.3 6.3 5.7
DP>36 22 0.4 1.2 0.7  
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The chain length distributions in all of the samples were classified into four 
fractions according to chain length. These were very short chains with DP 6 to 12, medium 
length chains with DP 13 to 24, long chains with DP 25 to 36, and very long chains with 
DP greater than 36. The ranges of the chain length distributions were 42 to 46% of very 
short chains, 47 to 50% of medium length chains, 5 to 6% of long chains and less than 2% 
of very long chains (Table 3.1). 
The pasting behaviour of the starches and flours as characterized by RVA profiles 
varied considerably. Peak viscosity of the starch pastes ranged from 172 to 259 Rapid 
Visco Analyser Units (RVU), whereas for flour pastes the range was from 159 to 272 RVU 
(Table 3.1). 
 
3.2.2 Effect of amylose content on starch and flour characteristics 
A strong inverse correlation (significant at P<0.001) was found between flour 
swelling power and T-AM (r = -0.73). For starch swelling power, the correlation with F-
AM (r = -0.48, P<0.01) was stronger than with T-AM (r = -0.39). Lipid-complexed 
amylose correlated positively with T-AM (r = 0.68) and negatively with F-AM (r = -0.68) 
(Table 3.2). 
Several RVA parameters of the starch pastes correlated negatively with T-AM. 
These were peak viscosity (r = -0.65), final viscosity (r = -0.45), breakdown (r = -0.74) and 
setback (r = -0.64). Weaker but significant correlations were found between T-AM and 
peak (r = -0.45) and breakdown (r = -0.57) viscosities of flour pastes. In contrast to the 
starches, there were no apparent correlations between T-AM and final viscosity, minimal 
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viscosity and setback values of the flour pastes, which indicates that proteins, lipids and 
non-starch polysaccharides make important contributions to the viscosity of the flour 
pastes. These flour constituents would have been largely removed during the isolation of 
the starch. 
When RVA characteristics were compared between flour and starch samples, the 
following correlation coefficients were found: peak viscosity r = 0.85, final viscosity r = 
0.64, viscosity at trough r = 0.77, breakdown r = 0.49 and setback r = 0.51. The 
correlations between the derived RVA characteristics of breakdown and setback values 
were weaker (Table 3.2).  
 
3.2.3 Swelling characteristics 
The swelling power test used in this study measures the uptake of water by largely 
undisrupted granules in flour or starch at elevated temperature in the absence of shear 
forces.  In comparison, pasting properties in the RVA are measured with the application of 
heat and shear to disrupt the granules. Statistically significant positive correlations were 
found between flour swelling power and RVA characteristics of flour and starch pastes 
(Table 3.2). The correlation coefficients between swelling power of flour and peak, 
minimum and final viscosities of starch pastes were 0.77, 0.53 and 0.63, respectively. RVA 
characteristics of flour pastes were correlated less significantly with swelling power of 
flour, the strongest correlation being with peak viscosity (r = 0.69). Swelling power of 
starches was also correlated positively with RVA characteristics of flour and starch pastes 
but the correlations were less strong than for the corresponding values for flour swelling 
(Table 3.2). 
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Table 3.2: Correlation matrix of the properties of starches and flours (based on Pearson correlation 
coefficients). Values in bold indicate significant correlations at a significance level alpha=0.05. The 
percentage of A granules were calculated from the particle size distribution as particles with diameter 
between 10 and 35 μm. Peak viscosity (PV), minimum viscosity (MV), breakdown (BD), final viscosity 
(FV) and setback (SB) were obtained from RVA standard profiles. Amylopectin chain length 
distribution was divided into four groups according to the DP, as described in the text. 
Property FAM TAM LAM flour swelling
starch 
swelling
A 
granules 
(%)
starch 
PV
starch 
MV
starch 
BD starch FV
Free amylose (FAM) 1 0.076 -0.676 -0.173 -0.481 -0.276 -0.237 -0.435 0.129 -0.272
Total amylose (TAM) 0.076 1 0.683 -0.729 -0.394 0.036 -0.645 -0.218 -0.736 -0.447
Lipid-complexed amylose (LAM) -0.676 0.683 1 -0.414 0.066 0.227 -0.288 0.122 -0.612 -0.143
Swelling power of  flour -0.173 -0.729 -0.414 1 0.326 -0.191 0.773 0.525 0.661 0.625
Swelling power of  starch -0.481 -0.394 0.066 0.326 1 0.299 0.443 0.426 0.206 0.430
A granules (%) -0.276 0.036 0.227 -0.191 0.299 1 -0.002 0.046 -0.053 -0.019
Starch peak viscosity (PV) -0.237 -0.645 -0.288 0.773 0.443 -0.002 1 0.749 0.697 0.915
Starch trough (MV) -0.435 -0.218 0.122 0.525 0.426 0.046 0.749 1 0.047 0.911
Starch breakdown (BD) 0.129 -0.736 -0.612 0.661 0.206 -0.053 0.697 0.047 1 0.393
Starch final viscosity (FV) -0.272 -0.447 -0.143 0.625 0.430 -0.019 0.915 0.911 0.393 1
Starch setback (SB) 0.108 -0.639 -0.533 0.564 0.258 -0.118 0.812 0.390 0.801 0.735
Flour peak viscosity (PV) -0.492 -0.453 0.042 0.694 0.549 0.160 0.845 0.804 0.404 0.813
Flour trough (MV) -0.502 -0.096 0.300 0.401 0.483 0.240 0.636 0.771 0.124 0.726
Flour breakdown (BD) -0.436 -0.572 -0.085 0.760 0.522 0.106 0.853 0.734 0.492 0.768
Flour final viscosity (FV) -0.191 -0.120 0.111 0.306 0.293 0.120 0.617 0.555 0.330 0.644
Flour setback (SB) 0.388 -0.095 -0.239 0.005 -0.111 -0.104 0.294 -0.012 0.456 0.220
DP 6-12 -0.168 -0.331 -0.156 0.244 0.242 0.437 0.067 0.004 0.111 -0.051
DP 13-24 0.231 0.319 0.115 -0.341 -0.262 -0.447 -0.193 -0.203 -0.069 -0.131
DP 25-36 0.094 0.212 0.092 -0.173 -0.143 -0.307 -0.002 0.061 -0.084 0.142
DP>36 -0.099 0.263 0.284 0.247 -0.111 -0.197 0.346 0.617 -0.207 0.505
Property s tarch SB flour PV flour MV flour BD flour FV flour SB DP 6-12 DP 13-24 DP 25-36 DP>36
Free amylose (FAM) 0.108 -0.492 -0.502 -0.436 -0.191 0.388 -0.168 0.231 0.094 -0.099
Total amylose (TAM) -0.639 -0.453 -0.096 -0.572 -0.120 -0.095 -0.331 0.319 0.212 0.263
Lipid-complexed amylose (LAM) -0.533 0.042 0.300 -0.085 0.111 -0.239 -0.156 0.115 0.092 0.284
Swelling power of  flour 0.564 0.694 0.401 0.760 0.306 0.005 0.244 -0.341 -0.173 0.247
Swelling power of  starch 0.258 0.549 0.483 0.522 0.293 -0.111 0.242 -0.262 -0.143 -0.111
A granules (%) -0.118 0.160 0.240 0.106 0.120 -0.104 0.437 -0.447 -0.307 -0.197
Starch peak viscosity (PV) 0.812 0.845 0.636 0.853 0.617 0.294 0.067 -0.193 -0.002 0.346
Starch trough (MV) 0.390 0.804 0.771 0.734 0.555 -0.012 0.004 -0.203 0.061 0.617
Starch breakdown (BD) 0.801 0.404 0.124 0.492 0.330 0.456 0.111 -0.069 -0.084 -0.207
Starch final viscosity (FV) 0.735 0.813 0.726 0.768 0.644 0.220 -0.051 -0.131 0.142 0.505
Starch setback (SB) 1 0.494 0.352 0.508 0.526 0.513 -0.167 0.094 0.284 0.046
Flour peak viscosity (PV) 0.494 1 0.843 0.968 0.671 0.109 0.063 -0.158 -0.085 0.399
Flour trough (MV) 0.352 0.843 1 0.680 0.861 0.253 0.045 -0.139 0.008 0.250
Flour breakdown (BD) 0.508 0.968 0.680 1 0.511 0.031 0.067 -0.159 -0.115 0.437
Flour final viscosity (FV) 0.526 0.671 0.861 0.511 1 0.710 -0.016 0.000 -0.002 0.094
Flour setback (SB) 0.513 0.109 0.253 0.031 0.710 1 -0.088 0.177 -0.014 -0.140
DP 6-12 -0.167 0.063 0.045 0.067 -0.016 -0.088 1 -0.953 -0.823 -0.300
DP 13-24 0.094 -0.158 -0.139 -0.159 0.000 0.177 -0.953 1 0.662 0.135
DP 25-36 0.284 -0.085 0.008 -0.115 -0.002 -0.014 -0.823 0.662 1 0.120
DP>36 0.046 0.399 0.250 0.437 0.094 -0.140 -0.300 0.135 0.120 1  
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Multivariate linear regression analysis was performed to determine the extent to 
which flour swelling power could be predicted from other properties. L-AM, starch 
breakdown, starch setback, flour breakdown and flour setback were not included in the 
multivariate analysis due to the multicolinearity of these properties with other 
characteristics. A model predicting the swelling power of flour was developed with the 
coefficient of determination between experimental and predicted data of R2 = 0.85 (Fig 
3.2).  
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Figure 3.1: Multivariate linear regression standardized coefficient of the predictive model of swelling 
power of flour (95% confidence interval). 
 
In order to measure the contribution of individual variables without the regression 
coefficients being dependent on the underlying scale of measurements, standardized 
regression coefficients were calculated. All variables were standardized by subtracting the 
respective mean and dividing by its standard deviation. The standardized regression 
coefficients, then, represent the change in response to a change of one standard deviation in 
a predictor. The larger the standardized coefficient, the greater is the influence of that 
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parameter in the predictive model. Standardized coefficients for individual explanatory 
characteristics showed that T-AM content, size distribution of starch granules, starch peak 
and final viscosity and flour trough and final viscosity had statistically significant 
predictive capability in the presence of the other variables, although each alone may not 
correlate with flour swelling power at significance level of p<0.05. 
R2 = 0.852
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Figure 3.2: Multivariate linear regression analysis: Predicted vs. measured values of the swelling 
power of flour (95% confidence interval). 
 
3.3 Discussion 
The method of extraction of starch from flour used in this study was designed to 
remove lipids and protein from the surface of starch granules. The isolated starch granules 
may also have been freed to some extent of water-absorbing non-starch polysaccharides, 
such as pentosans. The extraction procedure seemed to affect the swelling of starch 
granules and therefore starch swelling power was less indicative of amylose content than 
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flour swelling. On the other hand, removal of non-starch components of flour provided 
information about pasting properties of starch free of the effects of proteins and lipids. 
These studies led to the conclusion that the most significant correlations were between T-
AM content, swelling power of flour and RVA characteristics of starch pastes. Therefore, 
the amylose-to-amylopectin ratio of starch was concluded to be a major factor that 
influences both swelling and pasting characteristics of starches used in this study. As a 
result, swelling power of flour can be used as an indicator of amylose content and pasting 
properties of starch. This approach provides simplicity, speed and high throughput because 
it does not require extraction of starch from flour. 
For the samples analyzed in this study with amylose content between 35 and 43%, 
peak, breakdown and final viscosity decreased with increasing amylose content. These 
findings are in agreement with a limited number of reports on pasting characteristics of 
wheat and barley starches with increased apparent amylose content (Fujita et al., 1999; 
Yamamori et al., 2006). In order to enhance our understanding of how varying amylose 
content affects pasting properties of starches, RVA profiles of a waxy (2% T-AM), normal 
(34% T-AM) and high-amylose (43% T-AM) wheat starch, selected from the set of 
starches used in this study, are shown in Fig. 3.1. Waxy wheat is characterized by high 
peak viscosity and low final viscosity compared to starches with normal amylose content. 
Starches with increased amylose content display peak viscosity lower than that of waxy 
and normal starches, and final viscosity higher than waxy starches and lower than normal 
starches. These trends in viscosity changes as a function of amylose content agreed with 
published data based on native and mutant wheat and barley starches with varying amylose 
content. Starches with amylose content below about 30% generally display decreasing 
RVA peak viscosity and breakdown values with increasing amylose content, whereas final 
viscosity tends to increase with increasing amylose content (Yamamori & Quynh, 2000; 
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Yanagisawa et al., 2004, 2006; Zeng et al., 1997). Combining published data and 
correlations found in this study, a different pattern seems to emerge for peak and final 
viscosities. Peak viscosity of starch pastes decreases with increasing amylose content along 
the whole range of amylose content from waxy to high amylose varieties. Increasing 
amylose content of starch has been proposed to decrease the melting temperature of 
granules by disrupting crystallinity in the granular structure (Yuryev et al., 2004), which 
could affect on the peak viscosity measured with RVA. In contrast, final viscosity 
increases with increasing amylose content up to a threshold amylose-to-amylopectin ratio, 
above which final viscosity decreases slightly.  
 
Figure 3.3: Rapid Visco Analyser profiles of waxy (2% total amylose content, TAM), normal (34% 
TAM) and high-amylose (43% TAM) wheat starches. Standard STD1 profiles available at 
Thermocline software supplied with the instrument were used. 
 
Viscoelastic characteristics of starch pastes and gels arise from the chemical 
structure of amylose and amylopectin and the way these two molecules interact in a 
hydrated environment. When a combination of heat and shear is applied to starch granules 
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in water, starch granules gelatinize and form a paste in which the starch components are 
dispersed in the aqueous phase and amylose takes on a random coil configuration. On 
cooling the starch paste below the coil-to-helix transition temperature, amylose polymers 
start to aggregate through hydrogen bonding, forming junction zones and creating a gel 
network. With time, outer branches of amylopectin clusters align and simple junction 
points may develop into more extensively ordered regions by retrogradation, leading to a 
crystalline order. Factors such as concentration of starch, degree of polymerisation and 
branching architecture of amylopectin and amylose, the ratio of these two components, and 
the presence of small molecules that can complex with amylose, such as lipids, influence 
pasting behavior of gels (Tester & Morrison, 1990; Vandeputte et al., 2003a,b,c). Waxy 
starches, consisting mainly of amylopectin, produce highly gelatinous dispersions when 
cooked but form soft, runny gels. In contrast, amylose contributes to gel strength and 
firmness and reduce stickiness of starch gels. In pure amylose gels, the interaction between 
molecules involves the formation of interchain B-type aggregated double helices (Gidley, 
1989; Richardson et al., 2004). Gels prepared in the RVA from wheat starch containing 
25% amylose were proposed to contain amylopectin molecules entrapped in a matrix of 
interacting amylose molecules (Tang & Copeland, 2007a). 
The extent of aggregation of amylose chains in starch gels influences the 
dimensions of the starch network in the gel. In starches with low to medium amylose 
content, the amylopectin molecules may hamper aggregation of free amylose chains. As 
the proportion of amylose in the starch increases, the final gel viscosity is observed to 
increase because more free amylose is available for network formation. This trend 
continues until the proportion of amylose is such that amylopectin no longer hampers the 
aggregation of amylose. Further increase in amylose would produce a gel, in which there is 
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a higher degree of amylose aggregation with more closely spaced junction zones and a 
tighter network, which could result in a decrease in gel viscosity. 
No significant correlation was found between chain length distribution of 
amylopectin and swelling power of starch or flour, nor with free or total amylose content. 
However, the proportion of very long amylopectin chains (DP > 36) was correlated 
positively with RVA final viscosity of starch paste (r = 0.51) and starch viscosity at trough 
(r = 0.62), and to lesser extent, the peak viscosity of starch paste (r = 0.34). The ratio of A 
granules calculated from the particle size distribution analysis correlated positively with 
the proportion of chains with DP 6-12, and negatively with the proportion of chains with 
DP 13-24. These findings support the conclusion of Ao & Jane (2007) that composition 
and chemical structure of the starch are major factors that determine the pasting properties 
of the starch. As the starches used in this study were not fractioned into A and B granules, 
the results do not allow us to infer whether the variation in the chain length distribution is 
related to the effect of granule size distribution or other varietal differences among the 
starches.  
 
3.4 Conclusions 
This study has shown that swelling power of flour is a simple test that reflects a 
number of industrially relevant characteristics of starch, and therefore can be used as an 
indicator of amylose content and pasting properties of starch. Amylose content and 
amylopectin chain length distribution had a substantial impact on the swelling and pasting 
properties of the starches. The size distribution of starch granules did not correlate with the 
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swelling power of flour but it improved predictive capability of the multivariate linear 
regression model predicting flour swelling power from other studied characteristics. 
In contrast to waxy starches and starches with normal amylose content, wheat 
starches with increased amylose content displayed characteristic pasting properties that 
featured decreasing peak, breakdown and final viscosities with increasing T-AM contents. 
Existence of a threshold value in amylose content, above which final viscosity of starch 
paste does not further increase with increasing amylose content, was proposed. Long 
amylopectin chains (DP > 36) were found to contribute to the increase of peak, minimum 
and final viscosities of starch pastes. This may be due to the architecture of amylopectin 
molecules preventing aggregation of these very long chains, so that they retain their ability 
to form intermolecular links with other gel components. 
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Chapter 4 
4 STRUCTURAL CHARACTERIZATION OF WHEAT 
STARCH GRANULES DIFFERING IN AMYLOSE 
CONTENT AND FUNCTIONAL CHARACTERISTICS 
 
4.1 Introduction 
Small-angle scattering techniques measure differences in electron density 
distribution, whereas diffraction techniques are indicative of crystallinity of the material. 
Small-angle X-ray scattering (SAXS) and neutron scattering have been shown to be useful 
for studying the arrangement of lamellar structures in semi-crystalline starch granules 
(Waigh et al., 1996). SAXS patterns from hydrated native starches show a broad scattering 
peak, from which the average thickness of the lamellar repeat unit (that is the thickness of 
the crystalline plus amorphous region) can be calculated. In combination with other 
techniques, such as differential scanning calorimetry (DSC) and X-ray diffraction (XRD), 
the thickness of the crystalline region can be calculated (Blanshard et al., 1984; Waigh et 
al., 1998, 2000a, 2000b). The position of the SAXS peak is related to the average lamellar 
repeat length in granular starches, whereas peak width and intensity are mainly dependent 
on the regularity of the arrangement of lamellae and the electron density differences 
between the amorphous and crystalline regions of the lamellar structure. Recent studies 
using SAXS and high-sensitivity differential scanning calorimetry have increased our 
understanding of the influence of amylose located within amylopectin clusters in native 
starch granules (Kozlov et al., 2006). SAXS has also proved useful in helping to describe 
processes such as swelling, gelatinization, retrogradation and annealing (Donald et al., 
2001; Lopez-Rubio et al., 2007; Vermeylen et al., 2005, 2006).  
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In this study, SAXS together with complementary techniques were employed to 
examine structural features that provide starches from VAVCRC breeding program with a 
wide range of functional properties within a narrow range of enriched amylose content. 
 
4.2 Results 
Twelve wheat varieties as described in the Materials section 2.1.1 were used in the 
study. These included ten varieties with increased amylose content from VAWCRC, one 
waxy variety and starch from commercial flour. Amylose content was determined by 
iodine-binding method (2.2.3) and amylopectin chain length distribution was determined 
by fluorophore-assisted capillary electrophoresis (2.2.5). Swelling power and pasting 
properties were measured by method of Konik-Rose et al. (2001) (2.2.6) and Rapid Visco 
Analyser (2.2.7), respectively. XRD, SAXS and DSC measurements were performed 
according to the methods described in 2.2.10, 2.2.11 and 2.2.12, respectively. SEM 
micrographs were acquired as described in 2.2.13. The starch from the waxy wheat and 
commercial flour were excluded from the statistical analysis so as not to distort the 
correlation coefficients by artificially increasing the range of measured characteristics. 
Moreover, the samples from the VAWCRC program were grown, stored and milled under 
similar conditions, whereas the waxy line and commercial sample were provided as flours. 
 
4.2.1 Composition and pasting properties of wheat starches 
The composition, swelling properties, melting temperature and chain length 
distribution of amylopectin of the starches isolated from the cultivars used in this study are 
summarized in Table 4.1. Excluding the starches from the waxy wheat and commercial 
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flour, these starches had between 53 and 59% of particles with size distribution between 10 
and 35 μm. Total, free and lipid-complexed amylose content varied between 36 and 43%, 
28 and 33% and 6 and 14%, respectively. Starch swelling power ranged between 5.4 and 
6.9 (Table 4.1). 
 
Table 4.1: Summary of the properties of the starches used in this study. Total (T-AM), free (F-AM) 
and lipid-complexed (L-AM) amylose content, and swelling power of starch (SSP) were determined as 
described in the text. The percentage of A granules was calculated from the particle size distribution as 
particles with diameter between 10 and 35 μm. Melting temperature, Tm, was determined by DSC. 
Amylopectin chain length distribution was divided into four groups according to the DP, as described 
in the text. Long period Lp, hard block thickness Lc and soft block thickness La calculated from SAXS 
curves as described in the text. 
T-AM F-AM L-AM SSP A-
granules
Tm DP 6-12 DP 13-24 DP 25-36 DP>36 Lp La Lc
(%) (%) (%) (w/w) (%) (°C) (%) (%) (%) (%) (A) (A) (A)
Waxy starch 4.1 - - - 48.1 66.8 43.6 46.9 7.9 1.6 - - -
Commercial starch 35.2 29.5 5.7 6.3 57.3 62.1 45.0 46.2 7.4 1.4 - - -
Diamondbird 36.1 29.9 6.2 6.3 58.2 61.5 43.0 47.0 8.4 1.6 93.38 23.53 69.84
Ega Hume 36.8 30.7 6.2 6.9 58.0 65.0 41.9 47.7 8.7 1.8 92.91 23.54 69.37
Batavia 37.1 29.8 7.2 6.5 55.9 63.8 41.5 48.4 8.3 1.8 91.82 23.37 68.44
Pelsart 37.8 31.9 5.9 6.0 53.2 64.0 42.0 48.0 8.4 1.7 92.64 23.39 69.25
SM1118 38.8 33.2 5.6 5.4 57.1 64.5 41.7 48.6 8.1 1.6 92.94 23.59 69.35
Minto 39.2 30.1 9.1 6.4 55.5 65.4 41.5 48.4 8.4 1.7 92.53 23.52 69.01
OA24-328-1 40.2 31.0 9.2 6.0 57.5 64.0 42.3 47.7 8.4 1.6 94.31 23.85 70.46
OA24-328-3 41.2 33.1 8.1 5.8 59.2 64.1 41.8 47.7 8.7 1.8 94.22 23.77 70.45
OA24-198-3 42.0 33.4 8.7 5.6 55.9 63.6 41.2 47.9 9.0 1.9 94.73 23.78 70.95
SM1046 42.8 28.6 14.2 6.1 58.6 65.0 43.2 47.3 7.9 1.6 94.13 23.60 70.53  
 
Starch extracted from commercial flour had 35% total amylose, swelling power of 
6.3 and contained 57% of particles with size distribution between 10 and 35 μm. The waxy 
wheat variety included in the study as a comparison, had 4% total amylose content and 
contained 48% of supposed A granules (Table 4.1). Swelling power of the isolated waxy 
starch was not measurable by the method used in this study. 
 
Scanning electron micrographs of starch granules of the waxy variety and of the 
amylose-rich varieties (SM1118 is shown as a representative) indicated there were no 
obvious morphological differences between the granules of the starches examined in this 
study (Fig. 4.1). Granules smaller than 10 μm in diameter - assumed to be B granules - 
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displayed round, ellipsoidal, as well as angular and irregular shapes. The surface of most of 
the granules with diameter greater than 10 μm from all studied wheat varieties displayed 
indentations, which are likely to be caused by impressions from B granules and protein 
bodies. 
 
 
 
 
 
 
 
   a) waxy wheat starch granules      b) SM1118 starch granules 
Figure 4.1: SEM micrographs of starch granules 
 
4.2.2 Amylopectin chain length distribution 
The amylopectin chains were classified into four fractions according to chain 
length as described in 3.2.1. The proportions of the fractions in all of the samples were 41 
to 45% of short chains, 46 to 49% of medium length chains, 7 to 9% of long chains and 
less than 2% of very long chains (Table 4.1). Starches from VAWCRC breeding program 
had smaller proportion of short chains and greater proportion of long chains as compared 
to waxy and commercial starches. No apparent trends or differences were observed among 
the starches from VAWCRC breeding program (Table 4.1). 
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4.2.3 Crystallinity and thermal characteristics 
XRD patterns of the selected starches are shown in Fig. 4.2. All of the starches 
studied displayed A-type crystallinity with peaks at 17.6, 19.9, 20.8 and 26.7° 2θ. Based on 
the full width at half maximum of the characteristic peaks, waxy wheat displayed most 
perfect crystalline structures, whereas commercial starch showed least perfect crystallites. 
The XRD patterns of the 10 varieties from the VAWCRC program were qualitatively very 
similar and differences in total crystallinity and perfection of the crystal structures could 
not be quantified with existing methods due to inherent uncertainties related to the 
definition of the amorphous background and peak overlay. A peak fitting procedure 
described by Lopez-Rubio et al. (2008) may allow calculation of starch crystallinity and 
contribution from the different crystal polymorphs of starch to the total crystallinity but 
quality of the experimental data and differences among traces were not sufficient to use 
this method. 
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Figure 4.2: X-ray diffraction patterns of wheat varieties used in this study. a. waxy wheat, b. 
commercial starch, c. SM1046. The traces have been offset for clarity of presentation. 
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DSC data showed that the gelatinization temperatures of starches isolated from the 
varieties from the VAWCRC program varied from 61.5 to 65.4°C (Table 4.1). Waxy wheat 
had higher melting temperature of 66.8°C, consistent with the increased degree of 
crystallinity observed by XRD. Starch from commercial flour displayed melting 
temperature of 62.1°C. Based on the area under the peak of thermal transition, the 
transition enthalpy of waxy starch was 1,303 kJ/mol, commercial starch displayed lower 
enthalpy of 996 kJ/mol and SM1046 variety showed enthalpy of 1,211 kJ/mol (Fig. 4.3). 
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Figure 4.3: DSC gelatinization characteristics of selected wheat varieties used in this study. Heat flow 
was measured in cal/sec/g and the traces have been offset for clarity of presentation. Starch to water 
ratio 1:2, heated at 10°C/min.  
 
4.2.4 SAXS characteristics 
The SAXS patterns from several of the starches used in this study are shown in Fig. 
4.4. The values of the parameters obtained from the scattering profile as described in the 
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Methods section varied significantly among the varieties, as shown in Table 4.1. Long 
period, Lp, ranged between 91.8 and 94.7 Å for the starches from the VAWCRC program. 
The thickness of the crystalline region of the lamella (hard block), Lc, and amorphous 
region (soft block) thickness, La, varied from 68.4 to 70.9 Å and from 23.4 to 23.9 Å, 
respectively (Table 4.1). Fig. 5 shows 9 replicate values of long period for each of the 10 
samples. The variation among the replicates was within approximately 1 Å (Fig. 4.5). The 
variation in the intensity of the scattering peak within the 9 replicates was comparable in 
magnitude to the variation among individual samples (data not shown). A similar 
observation was made for electron density contrast values calculated from the one 
dimensional correlation function. Therefore, these two parameters were not used in the 
statistical correlation analysis. 
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Figure 4.4: SAXS patterns of several of the starch varieties used in this study. The traces were 
obtained as described in the Methods section. 
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As determined by the graphical method by Yuryev et al. (2004), waxy starch and 
commercial variety had repeat distance of 99.6 Å and 108.3 Å, respectively. As a 
comparison, graphical analysis performed on one of the replicates of the SAXS curve of 
variety SM1046 yielded repeat distance of 110.2 Å. It is worth noting that the average 
repeat distance as determined by the correlation function analysis (Table 4.1) is about 15% 
smaller than the Bragg distance d, and this is in agreement with results reported by others 
(Jenkins et al., 1993, Yuryev et al., 2004). 
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Figure 4.5: Variability in long period based on 9 replicates shown for 10 samples used in this study. 
 
Correlations of the parameters obtained from the SAXS peak with selected chemical 
and functional characteristics of the starch varieties used in this study (excluding the waxy 
wheat and starch from commercial starch) are summarized in Table 4.2.  
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Table 4.2: Correlation matrix between physicochemical and structural characteristics. Based on 10 
samples, values in bold indicate significant correlations at a significance level alpha=0.05, minimum r 
to be significant at p=0.05 for n = 10 samples is 0.632. Total (T-AM), free (F-AM) and lipid-complexed 
(L-AM) amylose content, and swelling power of starch (SSP) were determined as described in the text. 
The percentage of A granules was calculated from the particle size distribution as particles with 
diameter between 10 and 35 μm. Melting temperature, Tm, was determined by DSC. Amylopectin 
chain length distribution was divided into four groups according to the DP, as described in the text. 
Long period Lp, hard block thickness Lc and soft block thickness La calculated from SAXS curves as 
described in the text. 
T-AM F-AM L-AM SSP A-granules Tm DP 6-12 DP 13-24 DP 25-36 DP>36
Lp 0.752 0.299 0.483 -0.481 0.482 -0.135 0.239 -0.538 0.336 0.049
La 0.669 0.421 0.330 -0.467 0.512 -0.016 -0.017 -0.254 0.391 0.148
Lc 0.749 0.267 0.501 -0.472 0.463 -0.156 0.285 -0.581 0.316 0.028
Tm 0.368 -0.044 0.360 0.113 -0.070 1 -0.291 0.475 -0.189 0.141  
 
Positive correlation (significant at p<0.05) was found between Lp and T-AM (r = 
0.75, Fig. 4.6). Similar correlations were found between hard and soft block thicknesses 
and T-AM, with correlation coefficients of 0.749 and 0.669, respectively. Melting 
temperature and amylopectin chain length distribution did not correlate significantly with 
any of the studied characteristics. 
r = 0.752
91
92
92
93
93
94
94
95
95
96
35 36 37 38 39 40 41 42 43 44
amylose content (%)
Lo
ng
 p
er
io
d 
(A
)
 
Figure 4.6: Amylose content vs. long period. Error bars show standard deviations based on 9 
replicates. 
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4.3 Discussion 
4.3.1 Repeatability of SAXS measurement 
As shown by the spread of 9 replicate values of long period for each of the 10 
samples studied (Fig. 4.5), the repeatability of individual measurements was within 
approximately a 1 Å range. In comparison, the variation of long period among the samples 
with amylose content between 35 and 43% was of the order of 3 Å. Uncertainty may exist 
as to whether experimental error allows any meaningful differentiation of such samples 
given their amylose content falls within a narrow range and, as a result, sample sets with 
such narrow range of amylose content and characteristics of lamellar architecture have not 
generally been studied using SAXS analysis. However, our study confirmed that SAXS is 
sensitive and precise enough to allow extraction of structural information about lamellar 
architecture in sample sets where differences among samples in Lp are only several 
angstroms. 
The scattering intensity for a simple two phase system is proportional to the 
product of the relative fractions of each phase and the scattering length density difference 
(Glatter & Kratky, 1982; Higgins & Benoit, 1997). In agreement with this scattering theory 
and according to Yuryev et al. (2004), the intensity of the scattering peak (Imax) depends on 
the amount of the ordered semi-crystalline structures and/or on the differences in electron 
density between crystalline and amorphous lamellae. Because the degree of crystallinity in 
the starches studied did not vary significantly as shown by the XRD, it may be postulated 
that the observed changes in Imax mainly reflect the difference in the electron density 
between crystalline and amorphous lamella. The fact that the variation in Imax values 
among replicate measurements was comparable in magnitude to the variation between 
samples may be attributed to the intrinsic variations in packing density of individual 
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capillaries that influences scattering intensity to the extent that exceeds any correlation. As 
a result, natural variation between sample preparations may outweigh any real correlations. 
The development of a more reproducible method to avoid such variations in the packing 
density of these starch slurries would help overcome this issue. 
 
4.3.2 Effect of amylose content on the structural parameters of starch 
granules 
The results of several studies have shown that lamellar distance of starches from 
different botanical sources varies within a range between 9 and 11 nm, and that XRD 
patterns show little variability within plant species (Kozlov et al., 2007a; Vandeputte & 
Delcour, 2004; Yuryev et al., 2004). However, starch granules extracted from different 
plant sources are usually considered to display decreasing intensity of the scattering 
maximum with increasing amylose content (Bocharnikova et al., 2003; Jenkins & Donald, 
1995; Kozlov et al., 2007a, b; Sanderson et al., 2006; Yuryev et al., 2004). This trend is 
accounted for by a decrease in the difference in electron density between the crystalline 
and amorphous regions of the lamellae with increasing amylose content. Kozlov et al. 
(2007b) suggested that an increase in amylose content is accompanied both by 
accumulation of amylose tie-chains in amylopectin clusters forming defects in crystalline 
lamellae, and by disordered amylose chains within amorphous regions. Disordered ends of 
amylopectin double helices and/or double helices not participating in the formation of 
crystals are also proposed to be contributing factors to defects of the crystalline regions 
and, in turn, to greater disorder in the packing of the lamellar structure (Koroteeva et al., 
2007a, b; Kozlov et al., 2007b). The occurrence of amylose-amylose double helices within 
the crystalline lamellar regions containing mainly amylopectin double helices has been 
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shown to be highly unlikely in native starch granules and is not considered as a possible 
explanation for the intensity decrease (Kalichevsky & Ring, 1987; Tester et al., 2000). 
Positive correlations between long period and amylose content, and between hard 
and soft block thicknesses and amylose content, indicate that amylose accumulates in both 
crystalline and amorphous parts of the lamella (Table 4.2 & Fig. 4.6). This hypothesis is 
consistent with current understanding of starch synthesis, which considers that amylose 
and amylopectin are synthesized simultaneously (reviewed by Morell et al., 2003). If 
thickness of one of the lamellar regions remained constant as the amylose content varies, it 
would be more difficult to explain how amylose and amylopectin are synthesized together 
and packed into the granule. In agreement with this trend, starches from VAWCRC 
breeding program had smaller proportion of short amylopectin chains (DP 6-12) and larger 
proportion of medium and long amylopectin chains (DP 13-24 and 25-36) than starches 
from waxy wheat and commercial flour. It remains unclear whether the primary cause of 
the thicker hard and soft lamellar regions in comparison to waxy and commercial starch is 
accumulating amylose or modified chain length distribution of amylopectin. 
It has been reported that an increase in amylose content would be expected to be 
accompanied by decreasing crystallinity, decreasing melting enthalpy and decreasing 
values of melting temperature of the amylopectin crystallites in native wheat starch 
granules with amylose content less than 50% (Koroteeva et al., 2007a, b; Kozlov et al., 
2007b). In agreement with results by Hung et al. (2008), our results did not confirm these 
trends. Insignificant differences in total crystallinity and the lack of correlation between Tm 
and any of the studied characteristics within the set of varieties from VAWCRC program 
indicates that there may be several underlying factors affecting lamellar structure that may 
mask general trends that occur over a wider range of amylose content. Increased defects in 
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the crystalline lamella with increasing amylose content may be to some extent 
compensated by a protective effect of amylose in the amorphous lamellar regions on the 
crystallites, consistent with increased soft block thickness being correlated with increasing 
amylose content.  
The SAXS curves of the selected starches studied as shown in Fig. 4.4 show that 
the electron density contrast between hard and soft blocks of waxy starch is significantly 
higher than in the other starches, even when underlying variability in scattering peak 
intensity is considered. When the waxy wheat variety was compared with the other 
varieties used in this study, the following trends were observed: the waxy variety had more 
sharply defined XRD peaks, smaller repeat distance, higher intensity of the SAXS peak, 
higher melting temperature, and higher melting enthalpy. Based on combined results 
acquired by SAXS, DSC and XRD analyses, it was concluded that the differences between 
the waxy variety and the other samples used in this study are due to amylose defects 
accumulating in the crystalline regions as well as more amylose accumulating in the 
amorphous regions of lamellar structure. The higher melting temperature, more sharply 
defined XRD peaks and higher intensity of SAXS peak observed for the waxy starch is 
consistent with the hypothesis that amylopectin crystallites have fewer defects in waxy 
starch than in amylose-rich starches. The larger lamellar repeat distance observed for the 
non-waxy starches provides evidence for more amylose accumulating in both crystalline 
and amorphous regions of the lamellae in amylose-rich starches. 
Starch extracted from commercial flour had amylose content between that of waxy 
wheat and the set of varieties from VAWCRC. In agreement with trends in amylose 
content, intensity of scattering peak and repeat distance of commercial starch was between 
that of waxy wheat and the set of varieties from VAWCRC. However, perfection of XRD 
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peaks, melting temperature and transition enthalpy was lower than in starches within the 
set of varieties from VAWCRC. It is proposed that crystallinity and thermal characteristics 
of the commercial starch were affected by commercial milling, which was significantly 
less gentle than in other samples. As would be expected, milling did not seem to affect 
electron density contrast and lamellar thicknesses. 
It may appear from Fig. 4.6, which shows the long period of ten samples used in 
this study as a function of amylose content that lamellar spacing does not increase 
continuously with amylose content but rather in a stepwise manner as is apparent from 
comparing six samples with lower amylose content with four samples with higher amylose 
content. Assuming that this distribution is not caused by uncertainty in the determination of 
amylose content, it may be caused by underlying genetic or environmental effects or the 
interplay of the two. However, the two apparent groups did not agree with the 
differentiation based on growing seasons, therefore one may speculate that these 
differences are caused by the variation in the activity of enzymes involved in starch 
synthesis as affected by the breeding program.  
Over a wide range of amylose content, three main factors are considered to influence 
the structural parameters of native starch granules at the nanoscale: (i) amylose defects 
located in the crystalline region of the lamellae (both as amylose tie-chains and amylose-
lipid complexes), (ii) the amount of amylose within the amorphous regions of the lamellae, 
and (iii) chain length distribution of amylopectin chains (Koroteeva et al., 2007a, b; 
Kozlov et al., 2007b). Our results indicate that increasing amylose content within a narrow 
range of elevated amylose content is not necessarily accompanied by the accumulation of 
crystal defects. Nevertheless, when structural characteristics of amylose-rich starches were 
compared with waxy wheat starch, the general trends described by Kozlov et al. (2007b) 
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were confirmed. In general, the structure of wheat starches from different varieties, and 
their functional properties, appears to be determined by amylose content, but fine structural 
variations brought about by differences in genetic background introduces uncertainty into 
the prediction of functional properties from amylose content alone. 
 
4.4 Conclusions 
Analysis of starches with amylose contents between 35 and 43% showed that SAXS, 
when combined with sufficient duplicate studies, is sufficiently sensitive to provide 
structural information about lamellar organization in sample sets where differences among 
samples are only several tenths of a nanometer. In agreement with current understanding of 
starch synthesis, SAXS analysis of wheat starches with increased amylose content has 
shown that amylose accumulates in both crystalline and amorphous parts of the lamella. 
Using waxy starch as a distinctive comparison with the other samples confirmed the 
general trend of increasing amylose content being linked with the accumulation of defects 
within crystalline lamellae. Amylose content was concluded to directly influence the 
organization of semicrystalline lamellae within granules, whereas thermodynamic and 
functional properties are brought about by the interplay between amylose content and 
amylopectin architecture. 
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Chapter 5 
5  AMYLOLYSIS OF WHEAT STARCHES: 
DEGRADATION PATTERNS OF STARCH GRANULES IN 
RELATION TO AMYLOSE CONTENT  
 
5.1 Introduction 
The digestion of starch by α-amylases has been the subject of many investigations 
due to its analytical, clinical and nutritional significance. Alpha-amylases (α-1,4-glucan-4-
glucanohydrolases; EC 3.2.1.1) are calcium-containing enzymes, which constitute a family 
of endo-amylases catalysing the cleavage of α-D-(1-4) glycosidic bonds in starch and 
related carbohydrates. They occur in microorganisms, plants and animals where they play a 
dominant role in carbohydrate metabolism (Kandra, 2003). The susceptibility of starch 
granules to degradation by amylases depends on the source of the starch granules and of 
the amylase (Planchot et al., 1995). While many studies described varying digestion 
kinetics and degradation patterns by α-amylases of starches from different botanical 
sources, there is much less information on the variability in digestion of different starch 
varieties of the same botanical origin. Kinetic parameters of porcine pancreatic α-amylase 
acting on different starches have been shown to vary significantly among botanical sources 
(Fuwa et al., 1980; Slaughter et al., 2001). Rate and extent of α-amylolysis of granular 
starch is mainly determined by physiochemical parameters of the granule, such as granule 
size, available surface area, crystallinity, amylose to amylopectin ratio, accessibility, 
porosity, structural inhomogeneities and degree of integrity (Jacobs et al., 1998b; Planchot 
et al., 1995). Factors limiting enzymic hydrolysis are water diffusion in the granule and 
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adsorption of the enzyme on the starch molecules. Proteins and lipids attached to the 
surface of starch granules have also been shown to have limiting effects on the 
accessibility of the substrate to α-amylase (Greenwell et al., 1985; Shin et al., 2004). 
Inhibition of α-amylase by hydrolysis products such as malto-oligosaccharides is also 
known to occur (Colonna et al., 1988). 
Development of the scanning and transmission electron microscopy techniques 
allowed three-dimensional studies of the digestion of starch granules in a solution 
containing pancreatic α-amylase over time (reviewed by Svihus et al., 2005). 
Understanding the process of amylolysis can lead to the development of effective 
pharmacological agents and novel ‘functional foods.’ These products can be used in a large 
range of foods for their techno-functional properties, to increase the fiber content of the 
food and/or to claim specific health benefits. In this chapter, degradation patterns of starch 
granules with varying amylose content were investigated using a range of starch-degrading 
enzymes on wheat starch. 
 
5.2 Results 
Five wheat varieties including four varieties produced by VAWCRC and a waxy 
variety selected from the group of wheat lines described in 2.1.1 were used in the study. 
Starch was digested enzymically following the procedure described in 2.2.16. Images of 
the starch granules were acquired with scanning electron microscope as described in 
2.2.13. Typical images are shown as a representation of the sample. X-ray diffraction 
measurements of starch samples were performed as described in 2.2.10. 
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5.2.1 Extent of starch hydrolysis 
The set of wheat varieties used in this study included a waxy wheat (2% amylose 
content), Diamondbird (36% amylose), Batavia (37% amylose), V306 (39% amylose) and 
SM1046 (43% amylose). Wheat grains of the waxy and SM1046 varieties were cut 
transversely in half and observed in their native state using SEM (Fig. 5.1). The smaller 
(B) granules seemed more densely packed in waxy grains compared to variety SM1046, 
but otherwise no major differences were observed in the arrangement of starch granules 
within the endosperm of these two wheat varieties. 
 
 
 
 
 
 
 
 
Figure 5.1: SEM micrographs of internal grain structure of (a) waxy wheat variety and (b) SM1046 
variety 
 
As seen in the representative SEM images from the waxy and SM1046 wheat 
starches (Fig. 5.2), the isolated native starch granules from all of the wheat varieties 
studied appeared spherical, ellipsoid or polygonal with a smooth surface. Many of the 
larger (A) granules from all of the studied wheat varieties had protrusions or indentations 
on the surface, which are assumed to be from oppressed B granules and protein bodies that 
are packed tightly against starch granules in the endosperm. Protein bodies would have 
been removed during preparation of the granules. 
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Figure 5.2: SEM micrographs of isolated starch granules of (a) waxy wheat variety and (b) SM1046 
variety 
 
After 2 hours of α-amylolysis, the extent of release of reducing oligosaccharides 
from granular starch was between 23 and 32% from the amylose-rich wheat varieties and 
45% from the waxy variety (Table 5.1). Beta amylase used in this study hydrolyzed waxy 
starch to the extent of 9%, whereas other starches were digested between 4 and 6% within 
2 hours. Subjecting native starch granules to amyloglucosidase resulted in the extent below 
5% for all starches used in this study after 2 hours of digestion (Table 5.1). 
 
Table 5.1: Release of reducing oligosaccharides after 2 hours of digestion by enzymes used in this 
study. Extent of digestion by amyloglucosidase was measured as release of glucose. 
 
AM content swelling power of  flour alpha-amylase beta-amylase
amyloglucosi-
dase (glc  
release)
waxy wheat 2.0 - 45.0 8.5 4.8
Diamondbird 36.1 11.6 31.9 6.3 3.6
Batavia 37.1 11.2 27.3 4.9 3.2
V306 39.0 8.9 23.0 4.1 2.7
SM1046 42.8 8.7 28.1 4.3 3.0  
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5.2.2 Degradation patterns of starch granules by pancreatic alpha-
amylase 
The α-amylolysis of waxy wheat starch was characterized by the formation of 
holes on the granular surface and preferential disruption of the core of the granule (Fig. 
5.3). In the first stage, granule seemed to be attacked uniformly along the surface. Slight 
pitting was the first sign of the enzyme activity, giving the granular surface fluffy 
appearance. As the digestion proceeded further, the pits increased in number and enlarged 
along the periphery of the lenticular granules. Cracks appeared along the areas that are 
expected to be more susceptible to enzymic hydrolysis compared to the remaining surface 
area. The pits then enlarged, the pores penetrated into the interior of the granules and 
numerous channels were formed by endo-corrosion towards the center of the granule. 
Channels enlarged and successive growth rings consisting of amorphous and crystalline 
layers became apparent. Starch granules after 72 hours in the enzymic solution displayed 
highly affected granular structure with many of the channels joined together and some 
granules splitting due to extensive peripherial hydrolysis. Collapse of the granules was 
clearly evident with large proportion of granules being disintegrated into smaller fragments 
as the structural integrity does not seem to be able to hold the granules together causing the 
granular skeleton to fall apart. 
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Figure 5.3: Alpha-amylolysis of waxy wheat starch granules. Starch granules after (a) 10 minutes, (b) 
30 minutes, (c) 1 hour, (d+e) 2 hours, (f) 48 hours. 
 
In contrast to waxy wheat starches, α-amylolysis of amylose-rich starch granules 
seemed to follow a different pattern (Fig. 5.4). The high-amylose starch granules were less 
affected, with a much more limited extent of pitting observed after 2 hours than for the 
waxy granules. This may perhaps be a result of “all-or-none” mode of hydrolysis or due to 
amylose-rich starch granules being more vulnerable to exocorrosion. Apart from fine 
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pitting of the surface leading to the fluffy appearance comparable to the waxy starch 
granules in the early stages of digestion, damage of the surface such as grooves and 
scratches were observed. Rather than individual channels leading towards the hilum, 
granules of SM1046 variety were hydrolyzed from the surface. Hydrolysis along the 
equatorial periphery seemed to be leading to deep cracks appearing in some granules. In 
contrast to waxy starch, the layered structure corresponding to growth rings was not 
observed at any stage of the hydrolysis. 
 
 
 
 
 
 
 
 
 
Figure 5.4: Alpha-amylolyis of wheat variety SM1046. Starch granules subjected to α-amylase for 2 
hours. 
 
In addition to observing different patterns of α-amylolysis between waxy and high-
amylose starches, a transition in digestive patterns from ‘waxy’ pattern to ‘high-amylose’ 
pattern was observed as starch varieties with varying amylose content were subjected to α-
amylolysis (Fig. 5.5). In other words, both pitting and surface corrosion affected the 
structure of partially hydrolyzed starch granules. Diamondbird variety with amylose 
content of 36% displayed significant extent of pitting and only minor extent of 
exocorrosion (Fig. 5.5a). The proportion of apparent pitting as a result of 2 hours of α-
amylolysis decreased with increasing amylose content, which was obvious using Batavia 
and V306 varieties (Fig. 5.5b,c).   
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Figure 5.5: Alpha-amylolysis of wheat varieties (a) Diamondbird, (b) Batavia and (c) V306. Starch 
granules subjected to α-amylase for 2 hours. 
 
5.2.3 Changes in crystallinity due to α-amylolysis 
All of the varieties used in this study showed an A-type crystallinity diffraction 
pattern, with the main diffraction peaks at 17, 20, 21 and 26 degrees 2θ. The waxy wheat 
variety displayed better defined peaks than the diffraction patterns of the other four wheat 
varieties, which were very similar, as represented in Fig. 5.6. 
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Figure 5.6: X-ray diffractograms of wheat varieties used in this study. a. waxy wheat, b. Diamondbird, 
c. Batavia, d. V306, e. SM1046 
 
Comparison of X-ray diffractograms of undigested and partly digested starch from 
the waxy variety showed differences in the crystallinity of granules due to α-amylolysis 
(Fig. 5.7a). Using the curve-fitting procedure of Lopez-Rubio et al. (2008), crystallinity 
was calculated from data for eight crystalline and three amorphous parts of the 
diffractograms of the waxy starch (Fig. 5.8). The crystallinity of waxy wheat starch before 
α-amylolysis was 29%, whereas after 2 h of incubation with α-amylase it had increased to 
31%. Assuming a constant divergent slit and a flat-surfaced sample of semi-infinite depth 
during XRD measurement, this result is consistent with decreased intensity of the X-ray 
diffraction towards higher 2θ angles. Such a change can not be accounted for by a mere 
change in the baseline position, and thus represents a change in the packing and/or electron 
density of the sample after partial α-amylolysis. In contrast to the waxy variety, the X-ray 
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diffraction pattern of starch from SM1046 variety was essentially unchanged after 2 h of 
α-amylolysis (Fig. 5.7b). 
 
a) 
 
b) 
 
Figure 5.7: X-ray diffractograms of (a) waxy and (b) SM1046 wheat varieties before and after 2 hours 
of α-amylolysis 
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Figure 5.8. Fitting of XRD results obtained for waxy wheat starch before (a) and after (b) 2 h of 
incubation with α-amylase. The sum of the areas under the dashed curves represents the amorphous 
content of the starch, whereas the sum of the areas under the peaks with solid lines corresponds to the 
crystalline contents. 
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5.2.4 Degradation patterns of starch granules by β-amylase, 
isoamylase and amyloglucosidase 
When waxy starch granules were exposed to β-amylase from Bacillus sp., only 
slight pitting of the granular surface was observed but most granules seemed to be 
unaffected by action of the enzyme (Fig. 5.9a,b). Layered structure corresponding to 
alternating growth rings was not observed at any time during the 2 hour exposure to β-
amylase. In contrast to waxy starch granules, granules of the high-amylose variety were 
attacked in a unique type of exocorrosion. Pitting of the granular surface was not observed 
but digestion was very obvious as starch granules appeared severely damaged with large 
pieces of starch granules missing giving the partially degraded granules asymmetrical 
appearance (Fig. 5.9c,d). Some of the attacked areas on the granules had smooth surface, 
whereas other parts had rugged appearance. 
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Figure 5.9: Beta-amylolysis of (a,b) waxy wheat variety,(c,d) SM1046 variety. Starch granules 
subjected to beta-amylase for 2 hours. 
 
When waxy starch granules were exposed to isoamylase from Pseudomonas sp., 
first sign of starch degradation was a fine pattern of surface pitting (Fig. 5.10a,b). 
Hydrolysis occurred in a unique way resulting in the granular surface having a pattern with 
characteristic submicron features resembling structure of blocklets. Attack led to the 
development of enlarging pores and appearance of growth rings, which were similar to 
features of digestion resulting from the attack of α-amylase. However, the signs of attack 
were not as uniform across the population of granules as in the case of α-amylase 
exposure. Additionally, needle-like sub-micron aggregated structures were observed to be 
scattered around and on the surface of the granules and these are assumed to be products of 
attack by isoamylase. In contrast to waxy starch granules, starch granules of high-amylose 
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wheat variety were significantly less affected with granular surface being only slightly 
eroded (Fig. 5.10c,d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Iso-amylolysis of (a,b) waxy wheat variety,(c,d) SM1046 variety. Starch granules 
subjected to iso-amylase for 2 hours. 
 
Exposing the starch granules of waxy wheat variety to the effects of 
amyloglucosidase from Aspergillus niger led to the granular surface being corroded with 
grooves that subsequently enlarged into obvious cracks. Internal structures were 
hydrolyzed preferentially and growth rings were apparent (Fig. 5.11a,b).  Pore formation 
on the surface was not observed at any stage of the hydrolysis. Action of amyloglucosidase 
on high-amylose starch granules followed similar pattern as waxy granules with clear 
preference of hydrolysis of internal structures compared to the outer layers (Fig. 9c,d). One 
of the interesting features observed was adherence of small B granules to the newly 
exposed internal surface of attacked large A granules (Fig. 5.11c,d). 
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Figure 5.11: Effect of amyloglucosidase on (a,b) waxy wheat variety,(c,d) SM1046 variety. Starch 
granules subjected to amyloglucosidase for 2 hours. 
 
5.3 Discussion 
SEM observations of the residual starch granules after partial digestion by porcine 
pancreatic α-amylase of the selected wheat varieties showed differences between the 
digestive pattern of waxy starch, starch with normal amylose content and starch with 
increased amylose content. Different susceptibilities of amorphous and semicrystalline 
growth rings to α-amylase digestion in waxy starch granules observed by SEM were 
confirmed by a significant decrease of the amorphous portion of XRD signal. Therefore, 
based on the XRD data and SEM observations of waxy and high-amylose starch varieties, 
it was concluded that pancreatic α-amylase preferentially attacks amorphous regions of 
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waxy starch granules, whereas this preferential hydrolysis was not observed for starches 
with increased amylose content.  
During enzymic hydrolysis of the semi-crystalline structure of native starch granules, 
different morphologies of partly digested granules were reported in the literature, which 
range from pitting of small holes, shell formation, and surface erosion. Enzymic attack on 
large wheat starch granules was shown to start at equatorial groove (Gallant et al., 1973). 
Lynn & Cochrane (1997) observed that digestion occurred along channels in the plane of 
the central disc of the lenticular wheat starch granule. These channels gave rise to 
extensive digestions in the interior of the starch granule, resulting in disintegration of the 
centre of the granule prior to the periphery (Lynn & Cochrane, 1997; Planchot et al., 
1997). 
The crystalline material, as defined by its volume fraction, morphology, distribution 
and crystalline type, is considered to be an important factor in defining the rate and extent 
of enzymic hydrolysis. Although partial enzymic and acid hydrolysis of some starch 
granules was shown to lead to a layered and concentric shell structure, questions remain 
about whether starch is digested faster along the amorphous layers of starch granules 
compared to the semicrystalline layers (Buleon et al., 1998). Different granule 
morphologies of partly digested granules and differences in digestibility may be connected 
to crystalline type of starch (Buleon et al., 1998; Planchot et al., 1995) but the lack of 
evidence for enrichment in crystallinity in extensively degraded granules prevent us from 
stating unequivocally that the amorphous domains of starch granules are preferentially 
degraded by starch degrading enzymes. 
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Specific areas of the starch granules seem to play an important role in digestion, 
most likely because of the kinetically important step of enzyme adherence on to its 
insoluble substrate in order for the reaction to occur (Kong et al., 2003; Stevnebø et al., 
2006). When starch varieties were fully gelatinized, the differences in digestibility between 
waxy and high-amylose starches almost entirely disappeared (see Chapter 6). This 
indicates that the substrate-enzyme interaction in the system of fully gelatinized starch is 
not greatly determined by amylose-to-amylopectin ratio of starch. Therefore, it was 
concluded that the limiting factor in enzymic digestion must be a factor intrinsic to the 
starch granular structure related to the amount of available specific surface. Observed 
variations in the extent of enzymic digestion were proposed to be primarily determined by 
the level of swelling of amorphous growth rings. Starch swelling is primarily a property of 
amylopectin, and amylose acts as an inhibitor of swelling, especially in the presence of 
lipids (Hermansson & Svegmark, 1996; Tester & Morrison, 1990). Amylose serves as a 
reinforcing and stabilizing structural feature in amorphous growth rings, making them 
more rigid and swell less freely than waxy granules. This assumption also explains 
preferential hydrolysis of amorphous growth rings in waxy starch, which can be attributed 
to increased swelling of these layers. Increasing amylose content is accompanied with 
decreasing swelling capabilities of native starch granules and it was shown to be associated 
with slower digestion that features semi-crystalline and amorphous growth rings having 
similar digestion availability. 
Whereas porcine pancreatic α-amylase is known to hydrolyze bonds between glucose 
molecules randomly throughout the starch structure, beta-amylase can only attack chains of 
glucose from the non-reducing end. After 2 hours of digestion, α-amylase converted 
approximately 20 times more starch to malto-oligosaccharides than beta-amylase per unit 
of enzyme. Although α-amylase originated from porcine pancreas and beta-amylase was of 
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bacterial origin, morphologies of partly digested starch granules with same amylose 
content by these two enzymes were strikingly similar. No apparent differences in 
digestibility between amorphous and semi-crystalline growth rings were observed in case 
of high-amylose starches, whereas both α- and β-amylases used in this study preferentially 
hydrolyzed amorphous growth rings of waxy starch granules. It is assumed that these 
observations indirectly demonstrate the differences in the structure of growth rings in the 
starches with varying amylose content.  
In contrast to the effects of α- and β-amylases on studied starch granules, bacterial 
amyloglucosidase, which is capable of hydrolyzing both α(1-4) as well α(1-6) bonds, 
showed very little variation in the mode of attack between waxy and high-amylose starch 
granules. Possible explanation may be the “all-or-none” mode of hydrolysis displayed by 
amyloglucosidase, where damaged starch granules are digested much faster than intact 
granules. This mechanism would rationalize why only highly disrupted granules and 
granules with no apparent enzymic damage after 2 hours of amyloglucosidase treatment 
were observed, whereas action of amylases resulted in granules being in various stages of 
digestion. It is generally accepted that in plants the initial attack on native granules is 
always initiated by α-amylases and complete degradation then results from the combined 
actions of other enzymes (Oates and Powell, 1996). The fact that β-amylase, isoamylase 
and amyloglucosidase were able to initiate starch hydrolysis on native granules questions 
this unique position of α-amylase amongst starch-degrading enzymes. However, direct 
evidence of this assumption could not be provided as only low extent of hydrolysis, which 
may be partly attributed to starch damage or contamination by α-amylase, was observed. 
Apart from amylose-amylopectin ratio, swelling and digestion of granular starch is 
determined by non-carbohydrate surface components such as proteins and lipids (Debet & 
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Gidley, 2006, 2007; Tester et al., 2004). It is therefore possible that removing these surface 
components enabled starch-degrading enzymes other than α-amylase to be able to attack 
granular starch and may explain some of the inconsistencies in the literature. 
Nevertheless, despite obvious differences in the origin of used enzymes, types of 
bonds capable to hydrolyze and observed morphological effects on the starch granules, 
susceptibility to hydrolysis was strikingly comparable for α-amylase, beta-amylase and 
amyloglucosidase (Table 5.1). This indicates that digestion kinetics is governed by factors 
intrinsic to starch granules, whereas influence of enzyme type remains critical in 
determining the absolute rate of hydrolysis. It remains unclear whether differences in 
swelling capabilities related to observed differences in morphology of partly digested 
starch granules are due to the variation in lamellar structure formed by clustered 
amylopectin, or whether the primary cause lies in the structural arrangements of blocklets 
and/or growth rings (Gallant et al., 1997). 
 
5.4 Conclusions 
Based on the XRD data and SEM observations of waxy and high-amylose starch 
varieties, pancreatic α-amylase was concluded to preferentially attack amorphous regions 
of waxy starch granules, whereas this preferential hydrolysis gradually diminishes with 
increasing amylose content. Swelling of amorphous growth rings, which is linked to the 
access of starch-degrading enzymes to the substrate, was concluded to be the primary 
determinant of the observed morphologies of partly digested granules with varying 
amylose content as well as the variation in the extent of enzymic digestion. Native starch 
granules subjected to β-amylase, isoamylase and amyloglucosidase showed evident marks 
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of degradation, which questions the unique position of α-amylase amongst starch-
degrading enzymes as the only enzyme being able to initiate starch hydrolysis on native 
granules. Our results indicated that access to the granular components is not a function of 
the extent of crystallinity but rather the spatial positioning of the crystalline regions within 
the granule. Digestion kinetics was confirmed to be governed by factors intrinsic to starch 
granules, whereas influence of enzyme type remains critical in determining the absolute 
rate of hydrolysis. 
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Chapter 6 
6 AMYLOLYSIS OF WHEAT STARCHES: GRANULAR, 
GELATINIZED, RETROGRADED AND LIPID-COMPLEX 
STARCHES WITH VARYING AMYLOSE CONTENT 
 
6.1 Introduction 
Different starch containing foods containing similar potential amounts of available 
glucose, result, after digestion, in different postprandial rises in blood glucose levels and 
insulin responses. Main characteristics of carbohydrate metabolism, such as plasma 
glucose or insulin levels, affect our physical and mental performance and elevated levels of 
those have been associated with type II diabetes, certain forms of cancer, and increased 
risk of cardiovascular diseases and obesity (Brand et al., 1991; Cordain et al., 2005; 
Salmeron et al., 1997). Starches with increased amylose-to-amylopectin ratio tend to 
significantly lower serum glucose and insulin response when compared to common cereal 
and tuber starches (Evans & Thompson, 2004; Panglasigui et al., 1991). High-amylose rice 
variants have been reported to exhibit lower metabolic responses and GI values (Hu et al., 
2004). Similarly, high-amylose (70%) cornstarch has been shown to significantly decrease 
serum glucose and insulin levels when compared to a standard (30% amylose) cornstarch 
diet (Behall & Howe, 1995). High-amylose sweet potato, barley and wheat varieties were 
shown to have a significant potential to improve human health through its resistant starch 
content (Kitahara et al., 2007; Regina et al. 2006; Szczodrak & Pomeranz, 1991; 
Yamamori et al., 2006). 
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Determination of glycaemic response and load is a laborious and expensive method 
and consequently laboratories have developed in-vitro enzymatic methods to determine the 
sensitivity of food carbohydrates to in vitro enzymatic action (Englyst et al., 1992). The 
rationale behind these in-vitro methods is that they may estimate the biological response 
because the carbohydrate sensitivity to digestive enzyme action is an essential factor in 
both in vivo and in-vitro responses. In this chapter, the kinetics of enzymic degradation of 
granular starches using the previously studied set of wheat varieties with varying amylose 
content obtained from the breeding program of VAWCRC was investigated. Additionally, 
it was investigated how the kinetics is affected by gelatinization, retrogradation and 
complexation with lipids. 
 
6.2 Results 
Thirty-eight wheat varieties as described in the Materials section 2.1.1 were used in 
the study. Amylose content was determined by iodine-binding method (2.2.3) and 
amylopectin chain length distribution was determined by fluorophore-assisted capillary 
electrophoresis (2.2.5). Swelling power and pasting properties were measured by method 
of Konik-Rose et al. (2001) (2.2.6) and Rapid Visco Analyser (2.2.7), respectively. 
Resistant starch content of selected samples was determined according to the AACC 
method 32-40 using the Megazyme Resistant Starch Assay Kit (2.2.14). Starches from 
three wheat varieties (waxy, commercial and high-amylose variety SM1046) were 
separated into A and B granule fractions by means of multiple sieving of starch dispersions 
in cold water through 11μm mash sieve. Purity of the separated fractions was determined 
by measuring particle size distribution (2.2.9). In-vitro digestion characteristics were 
investigated as described in 2.2.16. 
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6.2.1 Kinetic parameters and extent of α-amylolysis 
Resistant starch content, as determined by Megazyme Resistant starch kit was 
1.40% for waxy wheat, 1.54% for Diamondbird, 1.55% for Batavia, 1.73% for variety 
V306 and 1.64% for variety SM1046. Differences in susceptibility to starch-degrading 
enzymes within the set of amylose-rich varieties were evident after 2 hours of α-
amylolysis (Table 6.1 & Fig. 6.1). 
 
Table 6.1: Range of extent of digestion after 2 hours of α-amylolysis. Amylose-rich starches include 36 
wheat varieties, waxy starches include two varieties. Starch was (20 mg) subjected to α-amylase (30 IU) 
and reducing malto-oligosaccharides were measured as described in the text. Lipid-complexed starch 
was prepared by adding 0.3 mg monopalmitin to 20 mg of gelatinized starch and incubating for 1 hour 
at 80°C. Retrograded starch was prepared by storing gelatinized starch at 4°C for 72 hours. 
 
Substrate amylose-rich 
starches
waxy starches
Granular starch 15 - 27 32 - 37
Gelatinized starch 60 - 63 60
Lipid-complexes starch 45 - 60 59 - 60
Retrograded starch 41 - 50 42 - 48  
 
Extent of the variability among the varieties was dependent on the state of starch, in 
which it was subjected to α-amylase. Granular starches were converted into reducing 
sugars to the extent ranging from 15 to 27%, whereas gelatinized starches were digested to 
between 60 and 63%. Starches complexed with monopalmitin were digested to between 45 
and 60% and retrograded starches between 41 and 50%. In contrast, granular starch of 
waxy varieties was hydrolyzed to the extent of 32 and 37%, gelatinized waxy starches to 
the extent of 60%, waxy starches complexed with monopalmitin to the extent of 59 and 
60% and retrograded waxy starches 42 and 48% (Table 6.1). 
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Figure 6.1: Degradation kinetics of five starch varieties (as used in Chapter 5) by pancreatic α-
amylase. Native starch granules (20 mg) subjected to α-amylase (30 IU) as described in 2.2.16. 
 
Extent of enzymic digestion of granular starches by pancreatic α-amylase 
correlated positively with swelling power of flour (r = 0.445, P<0.01) (Table 6.2). 
Statistically significant correlations were also found between granular digestion and 
several RVA parameters of starch and flour pastes, such as starch peak viscosity (r = 
0.324), flour peak viscosity (r = 0.441) and flour breakdown (r = 0.518). Extent of α-
amylolysis of gelatinized starch correlated positively with beta-amylolysis (r = 0.451). 
Extent of α-amylolysis of starch complexed with monopalmitin correlated positively with 
lipid-complexed amylose (r = 0.387) and extent of α-amylolysis of retrograded starch 
correlated negatively with total amylose content (r = -0.596, P<0.001) and lipid-complexed 
amylose content (r = -0.540, P<0.001). The extent of digestion of retrograded starch 
correlated positively with the swelling power of flour (r = 0.563) and negatively with iso-
amylolysis (r = -0.428). Significant positive correlations were found between α-amylolysis 
of retrograded starch and several pasting parameters of starch and flour pastes, the 
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strongest ones being with starch peak viscosity (r = 0.573) and starch breakdown (r = 
0.569) (Table 6.2). 
 
Table 6.2: Correlation matrix of the properties of starches and flours (based on Pearson correlation 
coefficients). Values in bold indicate significant correlations at a significance level alpha=0.05. Based 
on 36 samples, minimum r significant at p=0.05 is 0.328.  
 
digestion of 
granular 
s tarch
digestion of 
gelatinized 
starch
digestion of 
lipid-
complexed 
starch
digestion of 
retrograded 
starch
free amylose content -0.188 0.262 -0.240 0.100
total amylose content -0.218 -0.062 0.270 -0.596
l ipid-complexed amylose -0.031 -0.244 0.387 -0.540
swelling test of flour 0.445 -0.052 -0.305 0.563
swelling test of starch 0.151 -0.137 0.020 0.146
A granules (%) 0.086 -0.210 0.022 -0.229
starch peak viscosity 0.324 0.031 -0.095 0.573
starch trough 0.292 0.239 0.037 0.266
starch breakdown 0.132 -0.274 -0.205 0.569
starch final viscosity 0.190 0.083 0.095 0.353
starch setback -0.127 -0.274 0.150 0.303
flour peak viscosity 0.441 0.057 -0.033 0.301
flour trough 0.176 0.029 0.079 0.105
flour breakdown 0.518 0.065 -0.082 0.359
flour final viscosity 0.075 0.120 -0.024 0.328
flour setback -0.102 0.188 -0.155 0.474
beta-amylolysis -0.076 0.451 -0.236 0.016
iso-amylolysis 0.226 -0.139 0.134 -0.428
DP 6-12 -0.089 -0.184 -0.232 0.517
DP 13-24 -0.024 0.241 0.137 -0.278
DP 25-36 0.176 0.017 0.264 -0.597
DP>36 0.189 0.157 0.202 -0.545  
 
Kinetic parameters of the enzymic degradation of starches used in this study were 
determined by plotting the extent of digestion against time (Fig. 6.1). Amounts of reducing 
malto-oligosaccharides released after 20 minutes of digestion did not vary significantly 
amongst wheat varieties. After 60 minutes of digestion, waxy starch did not differ in the 
amount of hydrolyzed starch from other varieties. However, from 60 minutes onwards, the 
rate of hydrolysis of waxy starch remained practically constant, whereas rate of digestion 
of the remaining varieties started to plateau. After 120 minutes of digestion, difference 
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between waxy and amylose-rich starches was significant and it further increased with time 
(Fig. 6.1). 
 
6.2.2 Prediction of α-amylolysis of granular starches 
Multivariate linear regression (also known as ordinary least squares regression) 
analysis was performed to determine the extent to which α-amylolysis of granular starches 
can be predicted from other properties. A model predicting the degree of hydrolysis of 
granular starches after 2 hours of α-amylolysis was developed with the coefficient of 
determination between experimental and predicted data of R2 = 0.57 (Fig. 6.2). The R² is 
interpreted as the proportion of variability of the dependent variable (α-amylolysis of 
granular starches) explained by the model. Although this correlation is significant at 
p<0.05 in regards to the number of observations, the major drawback of the R² is that it 
does not take into account the number of variables used to fit the model. Therefore, the 
adjusted R² (that takes into account the number of variables used in the model) was 
calculated with resulting value R2adj = 0.168. Adjusted R2, the corresponding probability 
and the distance between confidence intervals at the chart displaying predicted vs. 
observed values lead to the conclusion that the degree of hydrolysis of granular starches 
after 2 hours of α-amylolysis cannot be reliably predicted from measured physico-
chemical characteristics. This is also clearly apparent from the chart plotting experimental 
and predicted data (Fig. 6.2), in which there is a wide range of y-values corresponding to 
any given x-value between the 95% confidence intervals. 
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Figure 6.2: Multivariate linear regression analysis: predicted vs. measured values of degree of 
hydrolysis of granular starch by pancreatic α-amylase (95% confidence interval).  
 
6.2.3 Effect of particle size on kinetic parameters of alpha-amylolysis 
Purity of the separated fractions of three varieties separated into A and B granule 
fraction ranged from 67 to 83 % (Table 6.3). Micrographs from optical microscope of 
separated A and B granule fractions are shown in Fig. 6.3.  
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  a)                  b) 
 
 
 
 
 
 
 
 
Figure 6.3: Fractions of separated (a) A-granules and (b) B-granules of variety SM1046. Native starch 
granules were separated into fraction of A and B granules by means of multiple sieving of starch 
dispersions in cold water through 11μm mash sieve. 
 
A-granules of all three varieties had amylose content higher than their B-granule 
counterparts (Table 6.3). Variety SM1046 with increased amylose content did not display 
any significant difference in digestibility between A and B granule fractions, whereas 
commercial starch displayed significantly higher digestibility of B granules compared to A 
granules. Waxy variety displayed insignificant difference in digestibility after 20 minutes 
of α-amylolysis, but after 120 minutes of digestion, hydrolysis of B-granules was higher 
than that of A-granules (Table 6.3). Digestibility of unfractionated commercial and high-
amylose starches was approximately average of the digestibility values of their fractions 
but unfractionated waxy starch had significantly higher digestibility than its corresponding 
A and B granule fractions. 
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Table 6.3: Characteristics and extent of digestion of separated A and B granule fractions used in this 
study.  
 
purity of 
fraction
amylose 
content
(%) (%) 20min 120 min
waxy A 67 2.1 9.0 19.3
waxy B 81 1.9 8.4 22.9
waxy - 2.0 13.7 34.1
Commercial A 79 39.8 2.8 10.1
Commercial B 74 33.3 6.0 16.7
Commercial - 35.6 5.5 13.1
SM1046 A 83 43.3 7.0 16.2
SM1046 B 73 39.0 6.7 15.9
SM1046 - 42.8 7.8 16.1
extent of hydrolysis 
(%)
 
 
6.2.4 Molecular characterization of partially digested starches 
To investigate how amylopectin chain length distribution is affected by partial 
digestion by α-amylase, five varieties including waxy variety and four amylose-rich 
varieties were subjected to α-amylolysis followed by debranching and derivatization for 
fluorophore-assisted capillary electrophoresis analysis. All five varieties were exposed to 
α-amylase for a time sufficient to degrade approximately 20% of the starch. Chain length 
distribution profiles obtained were significantly different among undigested samples, 
samples digested in granular form and samples digested in gelatinized form (Fig. 6.4). 
Although the profiles of native starches and starches that were partly digested in their 
granular form were not apparently different in regards to the distribution of the individual 
chain lengths, they differed in the absolute intensities of the peaks. Starches subjected to α-
amylase in gelatinized form were very different featuring high-intensity peaks in the area 
of DP<6, which can be attributed to low molecular malto-oligosaccharides, maltose and 
maltotriose. The remaining peaks attributed to chains with DP>6 had very low intensities 
with chains with DP above approximately 15 being below the detection limit (Fig. 6.4). 
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Figure 6.4: Chain length distribution profiles of Diamondbird starch in native form and after being 
subjected to α-amylase in granular form and gelatinized form. Starches were digested to the extent of 
20% as described in the text. Profiles are offset for clarity 
 
Comparing the chain length distribution of native starch and starch after being 
subjected to α-amylase in the granular form (Fig. 6.5) showed that in spite of major 
differences in overall profiles, the distribution of the individual chain lengths of DP 
between 6 and 44 in relation to each other did not differ of more than 2% when compared 
to native starches. These differences calculated as a percentage of the original proportion 
plotted against DP are shown in Fig. 6.5. Although the five starch varieties used in this 
study differed significantly in their amylose content and functional properties, the changes 
caused by α-amylase observed by capillary electrophoresis were comparable among 
varieties. The proportion of chains with DP<8 and with DP between 10 and 19 increased, 
whereas chains longer than 19 glucose units decreased in proportion. 
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Figure 6.5: Change in the chain length distribution of the selected wheat varieties (related to the 
original chain length distribution). Starches were digested to the extent of 20% as described in the text. 
 
There are several limitations of the protocol used. Absolute intensity values may 
not be directly comparable between native and partly digested samples because enzyme 
added or buffer used during the sample preparation may impair debranching, labeling or 
separation efficiency of the chains. Nevertheless, the proportion of chains of particular DP 
in relation to each other is not expected to be affected. Amylose is not expected to 
significantly affect the chain length distribution profiles because it is not likely to be 
broken down into fragments shorter than DP=40 given the digestion extent of 
approximately 20%. 
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6.3 Discussion 
Our results confirmed that waxy starches in their native (granular) state are more 
susceptible towards α-amylolysis than amylose-containing starches. It is proposed that 
differences in digestibility are mainly due to higher swelling capabilities of native 
amorphous growth rings of waxy starches compared to amylose-rich starches (Table 6.1, 
Fig. 6.1). Positive correlation between swelling power and extent of digestion of granular 
starch, together with differences in digestion patterns of various starches differing in 
amylose content observed by scanning electron microscopy described in Chapter 5, 
indicated that there are structural features within the granular arrangements other than 
amylose content and specific surface area that affect the rate of entry of water with enzyme 
dissolved into granule, thus affecting the kinetics of starch hydrolysis. Adhesion of the 
enzyme onto its insoluble substrate is known to be a fundamental step in starch hydrolysis 
but it is not clear which structural features play the key role in determining digestion 
patterns observed for starches of differing botanical origin and of differing chemical 
composition (Panglasigui et al., 1991; Slaughter et al., 2001). 
The importance of granular structure in susceptibility of starches towards α-
amylolysis is evident from comparing waxy and amylose-rich starches in their gelatinized 
state, in which case there was no significant difference in the amount of starch hydrolyzed 
after 2 hours of digestion (60% for waxy starch compared to average 62% for amylose-rich 
starches). This result has shown that despite different molecular architecture of amylose 
and amylopectin, these molecules do not differ significantly in the rate of enzymic 
breakdown when they are fully gelatinized in the solution.  
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Similarity in digestion kinetics among starches within the first 60 minutes of the 
reaction (Fig. 6.1), during which 10 – 15 % of starch was digested, may be attributed to the 
fact that α-amylase preferentially hydrolyses readily available starch such as granular 
surface or easily accessible starch and the differences attributed to swelling become 
evident in later stages of the reaction. Starches had low levels of damage (0.3-0.5%, data 
not shown) and, as noted by Salman et al. (2008), this is unlikely to significantly influence 
the initial rate of enzymic digestion or swelling power. Another explanation may be related 
to the ability of shorter fractions of amylose produced by α-amylolysis to form crystalline 
aggregates in the aqueous solution, thus becoming fully or partly resistant to digestion. 
However, this explanation does not seem to have a major effect on the digestion as it 
would be expected to similarly affect digestion of the gelatinized starch, which was not 
confirmed in our study. 
Although susceptibility of starch granules to α-amylolyis was shown to be 
governed by swelling capabilities of the starches, measured physico-chemical 
characteristics (including swelling and pasting properties and amylopectin chain length 
distribution) were not sufficient for the reliable prediction of the degree of hydrolysis of 
granular starches after 2 hours of α-amylolysis. This may be due to a large number of co-
linear variables and lack of individual variables being strongly correlated with the 
predicted variable but there may also be underlying factors such as starch damage, granular 
pores, surface proteins and lipids or internal structure of starch granules. Therefore, in line 
with findings described in Chapter 5 and Salman et al. (2008), it was concluded that in-
vitro digestion is not solely determined by amylose content or amylopectin architecture, 
but rather is a result of the interplay of the two with a number of underlying unspecified 
 147
factors. Both swelling and pasting characteristics of these starches were shown to be 
determined by the combination of these factors in a similar manner. 
Interestingly, the observed decrease in enzymic susceptibility of amylose-rich 
starches achieved by retrogradation, resulting in average value of 46% of starch being 
digested after 2 hours of α-amylolysis, was comparable with the effect of retrogradation on 
waxy varieties used in this study (Table 6.1). Waxy starches are generally considered less 
susceptible to retrogradation as they lack long amylose chains that can associate and 
aggregate into double helical structures making them less available to hydrolysis. Starches 
were stored in a dilute aqueous environment for 72 hours and our results may thus be 
related to these specific conditions. It should be noted that aqueous environment is very 
different compared to situation in pastes and gels, when mobility of starch molecules is 
considered. Our results are indicative of significant ability of amylopectin chains to self-
associate into double helices making them less available to hydrolysis to the extent, which 
is comparable to amylose-rich starches. It is possible that when same starches would be 
allowed to retrograde under different conditions such as in gels, differences between waxy 
and amylose rich starches would be more profound. Also, retrogradation is a dynamic 
process and its progress varies in time, therefore difference in digestibility at one point of 
time may not be indicative of inter-variety variability, which may be significant during 
earlier or later stages of the process. 
Despite little variation in digestibility of gelatinized starches, differences between 
waxy and amylose-rich starches became evident with the influence of lipids, in which case 
digestibility of waxy starch remained unaffected, whereas digestibility of amylose rich 
starches decreased from 62 to 51% after 2 hours of α-amylolysis. This was attributed to 
complex formation between amylose and monopalmitin (Seneviratne & Biliaderis, 1991). 
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Our study has not confirmed whether starch-lipid complexes were actually formed or 
whether they were type I or type II but showed that interaction between amylose and lipid 
has a potential to significantly decrease in-vitro digestion of gelatinized starch. There are 
uncertainties as to what extent amylopectin can be complexed with lipids but the different 
effects of monopalmitin on the digestibility of amylose-rich and waxy starches shown in 
this study indicate that the nature of interaction between amylose and amylopectin with 
monopalmitin is different as judged from the susceptibility of lipid-modified starches to α-
amylolysis. 
If large and small starch granules were of identical structural and chemical 
composition, the digestibility would decrease with decreasing specific surface area and 
increasing amylose content. Large granules of all three varieties displayed higher amylose 
content, therefore it would be expected that digestibility of A-granules would be 
significantly lower than their smaller counterparts judging solely from available surface 
area and amylose content. However, this was true only for starch from the commercial 
variety. Salman et al. (2008) showed that A granules of wheat varieties of similar amylose 
content possess lower proportion of short chains (DP 6-12), higher proportion of long 
chains (DP 25-36) and larger lamellar distance of semicrystalline growth rings than B-
granules. Our results and those reported by Salman et al. (2008) indicate that there are 
differences between A and B granules other than amylose content and granule size that 
affect their functional and nutritional characteristics. The most important differences are 
those related to the amylopectin chain length distribution and lamellar architecture. The 
fact that A and B fractions of commercial starch displayed expected trends, whereas waxy 
starch and starch with increased amylose content behaved differently than expected, leads 
us to the assumption that starch synthesis and enzymes involved are affected differently in 
large and small granules by the breeding programs leading to the development of waxy and 
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high-amylose wheat varieties. In other words, differences in chain length distribution and 
internal granular structure between large and small granules of commercial starch are not 
sufficient to induce significant effects on the digestibility, whereas in waxy and high-
amylose varieties these differences seem to be robust enough to surpass the effect of 
amylose content and surface area. 
Unfractionated waxy starch displayed digestibility outside the range of A and B 
fractions (Table 6.3). Mixing different ratios of A and B granules (unpublished data) 
showed that resulting mixtures displayed digestibility corresponding to the average of the 
values of A and B fractions reflecting the ratio of the two fractions in the mixture. 
Therefore, significantly higher digestibility of unfractionated native waxy starch than 
corresponding A and B fractions may be explained by modification of the granules in the 
separation process, such as leaching of material from amorphous growth rings, thus leaving 
a smaller amount of readily available material for digestion. The reason as to why this 
effect was more profound in waxy starch granules than in amylose-rich varieties may be 
the lack of amylose in waxy granules, which normally reinforces the granular structure 
making the granules more rigid.  
The depolymerization of starch by α-amylase is not completely random, and with 
most α-amylases an initial random cleavage is followed by preferential hydrolysis of one 
of the fragments (Pandey et al., 2000). In Chapter 5, five wheat varieties differing in their 
amylose content and functional properties were shown to follow different degradation 
patterns of α-amylolysis. As described in the methods section, extent of digestion was 
calculated from the reducing equivalent based on the theoretical amount of maltose that 
can be released from the starch. Reducing power corresponding to the extent of digestion 
of 20% may correspond to the situation when 20% of starch present is hydrolysed into 
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maltose while 80% of starch remains unaffected, or the situation when all of the starch is 
hydrolyzed into fragments with average DP=10. Therefore, studying chain length 
distribution of partly digested starches may help characterizing starch fragments released 
by α-amylolysis and provide information about the mechanism of digestion. 
Starches subjected to α-amylolysis in the granular form displayed chain length 
distribution pattern featuring characteristic distribution of amylopectin chains comparable 
to native starches with increased proportion of shorter chains and lower proportion of 
longer chains. These results are in agreement with images of partly-digested starch 
granules described in Chapter 5 and indicate that it is kinetically preferred for the enzyme 
to hydrolyze glycosidic bonds in partly-digested starch as opposed to hydrolyzing native 
starch molecules present in starch granules. Also, different wheat starches as a substrate for 
α-amylase (waxy – normal – increased-amylose) resulted in similar changes in 
amylopectin chain length distribution profiles. This indicates that amylose does not 
significantly affect qualitative pattern of amylopectin hydrolysis. 
In contrast to starches subjected to α-amylase in the granular form, starches that 
were gelatinized prior to digestion lacked peaks corresponding to chains with DP>10 and 
showed high proportion of very short chains with DP<6 that are normally not present in 
native starches. Similarly as starches digested in granular form, gelatinized starches were 
also digested to the extent of 20-25% as determined by measuring the amount of reducing 
sugars (this took approx. 10 minutes as opposed to 2 hours for granular starches). 
However, in contrast to native starches and starches digested in granular form, the original 
chain length distribution profile was not retained in starches digested in gelatinized form. 
This may indicate that starch molecules are hydrolyzed randomly into smaller fragments 
uniformly throughout the population of molecules. The exact nature of the digestion 
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mechanism remains unknown but our study confirmed the critical role of granular structure 
in determining kinetics and mechanism of starch hydrolysis.  
 
6.4 Conclusions 
Granular wheat starches with increased amylose content were shown to be less 
susceptible towards α-amylolysis than waxy starches. Such differences in digestibility 
were proposed to be due to varying swelling capabilities of amorphous growth rings of 
native starch granules. No significant difference in the amount of digested starch from 
waxy and amylose-rich varieties in the gelatinized state confirmed the importance of 
granular structure in susceptibility of starches towards α-amylolysis. Monopalmitin was 
shown to decrease the digestibility of amylose rich starches, whereas digestibility of waxy 
starch remained unaffected. Reliable prediction of enzymic digestion of native starch 
granules of different wheat varieties from measured physicochemical properties was not 
possible indicating existence of unknown underlying effects, however, swelling and 
pasting functional tests may be used as an approximate indicator of in-vitro digestibility of 
granular starch. Separating large and small granules showed differences in their 
susceptibility to in-vitro digestion, with specific relationships being dependent on the 
variety from which they were isolated.  
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Chapter 7 
7 EFFECT OF MONOPALMITIN ON PASTING 
PROPERTIES OF WHEAT STARCHES WITH VARYING 
AMYLOSE CONTENT 
 
7.1 Introduction 
Starch contributes to the characteristic viscosity, texture, mouth-feel, and 
consistency of many food products. In addition to its use as a food ingredient, starch is also 
used as a processing aid and can exhibit fat-mimetic properties. In terms of food 
applications, the functionality of starch is related largely to its gelatinization, pasting and 
retrogradation characteristics. The rheological properties depend on concentration, type 
and origin of the starch, test conditions (rate of heating and cooling, temperature, shear, 
time, and sample history), and additives (sugars, lipids, protein, emulsifiers, gums, salts, 
and pH modifiers) (Sopade et al., 2006).  
Food grade emulsifiers have the ability to alter the physical and chemical properties 
of starchy foods and these changes have been attributed to their surface-active properties as 
well as the formation of inclusion complexes between amylose and lipids (Banks & 
Greenwood, 1972; Morrison et al., 1993b; Singh et al., 1998; Zobel, 1988). Emulsifiers 
decrease water-solubility of starch and delay granule swelling, amylose leakage and 
viscoelastic changes during gelatinization (Eliasson, 1985; Krog, 1973; Richardson et al., 
2004). Addition of lipids was shown to increase the viscous part of the rheological 
response of starch gels (Deffenbaugh & Walker, 1990; Eliason, 1986; Kaur & Singh, 2000; 
Keetels et al., 1996; Ravi et al., 1999; Tang & Copeland, 2007a). Retrogradation is 
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subsequently affected by the in situ-formed amylose-lipid complexes, either directly by 
preventing the amylose molecules from crystallizing or indirectly by changing the water 
distribution (Gudmundsson, 1992).  
In addition, the formation of starch-lipid complexes has been reported to decrease 
the susceptibility of the starches to α-amylase digestion (Crowe et al., 2000; Eliasson & 
Krog, 1985; Seneviratne & Biliaderis, 1991). Although complexed amylose is hydrolyzed 
and absorbed to the same extent as free amylose, acid and enzymic hydrolysis is slower 
when compared to non-complexed starch offering potential to increase levels of slowly 
digestible starch thus providing a slower more sustained postprandial absorption of glucose 
into the bloodstream (Gelders et al., 2005, 2006; Holm et al., 1983). The Rapid Visco 
Analyser (RVA) was demonstrated to be useful in studying effects of additives on 
rheology of starch systems. Specifically, Tang & Copeland (2007a) showed that starch-
lipid complexes can be formed directly in the RVA and that viscoelastic parameters can be 
correlated with the formation of starch-lipid complexes. While the effects of the lipid 
component on the formation of starch-lipid complexes have been studied in multiple 
systems, the influence of starch is largely unknown. In the present study, the varietal 
influence of wheat starch on rheological properties of starch pastes and strength of the 
respective gels was investigated. 
 
7.2 Results 
Thirty-six wheat varieties produced by VAWCRC breeding program and a 
commercial starch as described in the Materials section 2.1.1 were used in the study. 
Amylose content was determined by iodine-binding method (2.2.3) and amylopectin chain 
length distribution was determined by fluorophore-assisted capillary electrophoresis 
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(2.2.5). Swelling power was measured by method of Konik-Rose et al. (2001) (2.2.6). 
Starch-lipid complexation in the paste systems was studied using Rapid Visco Analyser 
(2.2.7). Lipids and starches were complexed in an aqueous environment according to the 
method described in Chapter 2.2.15. TPA analysis on starch gels was performed according 
to the method 2.2.17. Beta- and iso-amylolysis was measured as described in the Chapter 
2.2.16. 
 
 
7.2.1 Final viscosity increase 
The peak viscosity of the starches used in this study, excluding the waxy wheat, 
ranged between 181 and 268 RVU, whereas final viscosity ranged from 228 to 314 RVU 
(Table 7.1). The addition of 1% MP resulted in the final viscosity increasing by between 8 
and 65%, depending on the starch (Table 7.1, Appendix 4). Examples of RVA traces 
showing the effect of adding MP to starch are shown in Fig. 7.1. While final viscosity of 
variety Ega Hume (T-AM 37%) increased by 12% due to addition of MP (Fig. 7.1b), ΔFV 
of variety SM1118 (T-AM 39%) was 65% (Fig. 7.1a). 
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Table 7.1: Summary of the range of the properties of the starches used in this study. Total (T-AM), 
free (F-AM) and lipid-complexed (L-AM) amylose content (%), swelling power and RVA data (peak 
viscosity, viscosity at through, breakdown, final viscosity and viscosity at setback expressed in RVU) 
were obtained as described in the Materials and Methods chapter. Beta- and iso-amylolysis expressed 
as % change in iodine binding were determined as described in the text. The increase in FV (ΔFV) was 
calculated as the percentage difference between FV of starch pastes with added lipid compared to 
starch alone as described in the text. Waxy and commercial starches are not included. 
 
Minimum Maximum Mean
F-AM 26.3 35.3 31.6
T-AM 35.2 42.8 38.6
L-AM 4.1 14.2 7.1
Swelling power of flour 7.7 11.6 9.4
Swelling power of starch 5.4 6.9 6.1
Starch peak viscosity 181.4 268.0 222.5
Starch trough 142.0 217.7 169.0
Starch breakdown 30.0 90.5 53.5
Starch final viscosity 228.7 313.5 265.7
Starch setback 72.5 111.6 96.7
Beta-amylolysis 24.2 34.9 28.9
Iso-amylolysis 6.6 18.8 14.2
∆FV 8.7 64.9 34.3  
 
Using data from the analyses of all 36 samples used in this study, ΔFV caused by 
addition of MP compared to the respective viscosity of starch alone was correlated with 
physico-chemical and pasting characteristics (Table 7.2).  
 
Table 7.2: Correlation matrix (based on Pearson’s correlation coefficients) between lipid-induced 
increase in final viscosity (ΔFV) and physico-chemical properties of starches. Based on 36 samples, 
minimum r significant at p=0.05 is 0.329. Values in bold are significant at the level of significance 
alpha=0.05 (two-tailed test). 
 
Property ∆FV
F-AM 0.241
T-AM 0.611
Swelling power of flour -0.700
Swelling power of starch -0.583
Starch peak viscosity -0.766
Starch trough -0.395
Starch breakdown -0.712
Starch final viscosity -0.578
Starch setback -0.581
Starch peak time -0.181
Beta-amylolysis 0.515
Iso-amylolysis 0.021  
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ΔFV was significantly negatively correlated with all starch paste viscosity 
characteristics, with the strongest correlations being with peak viscosity (r = -0.766, p < 
0.001) and breakdown (r = -0.712, p < 0.001). Significant positive correlation was found 
between ΔFV and T-AM (r = 0.611, p < 0.001), whereas swelling power of flour and 
starch correlated negatively with final viscosity increase, resulting in correlation 
coefficients of r = -0.700 and r = -0.583 (p < 0.001), respectively. The extent of β-amylase 
hydrolysis correlated positively with final viscosity increase (r = 0.515, p < 0.001). 
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Figure 7.1: Examples of RVA traces of pastes of starch and starch with 1 % monopalmitin. Duplicate 
traces are shown for variety SM1118 (39% amylose content), a; and variety Ega Hume (37% amylose 
content), b. 
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Multivariate linear regression analysis was performed to determine the extent to 
which ΔFV can be predicted from other properties. A model predicting the increase of 
RVA final viscosity from total and free amylose content and functional characteristics 
(swelling and RVA data) was developed with a coefficient of determination between 
experimental data and predicted values of R2 = 0.84 (Fig. 7.2). An analysis of the model 
was performed to evaluate the impact of each variable on the quality of the model. Peak 
time and swelling power of starch were found to have the largest individual impact on 
improving the correlation of the model, most likely due to their poor cross-correlation with 
the remaining parameters. 
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Figure 7.2.: Multivariate linear regression analysis showing predicted vs. measured values of the 
increase in final viscosity, from the model described in the text. 
 
7.2.2 Texture Profile Analysis 
As the TPA probe penetrates the gel to a prescribed depth, the opposing force drops 
at the point where the gel breaks. Subsequently, opposing forces are due to friction as the 
probe continues its penetration up to the required depth. The peak force at the rupture point 
of the gel is taken as an indication of gel firmness and is referred to as rupture strength. 
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The distance that the probe penetrates before this break occurs gives an indication of the 
elasticity of the gel; a short distance of penetration before the break occurs indicates a 
brittle gel, whereas longer penetration distance before rupture indicates a more elastic gel. 
 
Table 7.3: Physico-chemical and textural characteristics of selected wheat varieties used in this study. 
Total (T-AM), free (F-AM) and lipid-complexed (L-AM) amylose content (%), swelling power and 
RVA data (peak viscosity, viscosity at through, breakdown, final viscosity and viscosity at setback 
expressed in RVU) were adopted from Chapter 3. Beta- and iso-amylolysis expressed as % change in 
iodine binding were determined as described in the text. The increase in FV (ΔFV) was calculated as 
the percentage difference between FV of starch pastes with added lipid compared to starch alone as 
described in the text. Gel strength was derived from the texture profiles as determined by TPA as 
described in the text. 
 
T-AM F-AM
swelling 
power of 
f lour
swelling 
power of  
s tarch
starch 
peak 
viscosity
starch 
trough
starch 
breakdown
starch final 
viscosity
starch 
setback
starch 
peak time
Diamondbird III 35.6 26.3 9.8 6.9 236.8 173.2 63.6 278.1 104.9 6.53
Diamondbird I 36.1 29.9 11.6 6.3 258.5 176.0 82.5 272.5 96.5 6.44
Sunvale I 36.6 32.4 10.3 6.4 230.4 168.3 62.1 271.9 103.5 6.34
Petrie II 37.6 32.9 9.8 5.7 239.0 184.2 54.8 288.6 104.4 6.47
Vasco 38.9 30.7 9.8 6.1 243.4 191.8 51.6 300.6 108.9 6.73
V306 39.0 32.9 8.9 6.2 191.6 150.3 41.3 232.7 82.4 6.47
328-1 III 40.2 31.0 8.8 6.0 188.5 143.9 44.6 234.7 90.8 6.27
Starch Starch + Lipid
Diamondbird III 25.7 115.8 41.96 47.40 8.90 1.74 17.7 61.7 14.9
Diamondbird I 26.0 116.4 43.00 47.02 8.40 1.58 8.8 53.0 15.6
Sunvale I 26.8 112.7 43.07 47.79 7.72 1.43 19.8 67.3 26.0
Petrie II 30.2 111.2 41.45 48.58 8.32 1.65 34.1 105.0 20.5
Vasco 29.0 118.3 40.13 49.16 8.87 1.83 25.1 83.1 18.3
V306 28.6 113.7 40.98 48.32 8.94 1.75 52.6 76.3 18.0
328-1 III 29.7 114.2 42.29 47.69 8.37 1.64 55.0 106.0 19.0
beta-
amylolys is
iso-
amylolysis DP 6-12 DP 13-24 DP 25-36 DP 37-55 ∆FV
Gel Strength
 
 
TPA curves of starch gels prepared from the commercial starch alone, and with 
added MP showed the dramatic change in the textural properties of retrograded gels due to 
added lipid (Table 7.3, Fig. 7.3). Using commercial starch with 35% T-AM, MP brought 
about significant decrease in gel elasticity as compared to gel without added MP. Addition 
of MP to the commercial starch gel caused a reduction in the gel strength from 120 g to   
20 g (Fig. 7.3). On the other hand, tripalmitin, which does not form stable complexes with 
 159
starch (Tang & Copeland, 2007a), had an opposite effect on the elasticity of commercial 
starch gel, causing a small increase of the gel strength to approximately 140 g.  
 
Figure 7.3: TPA curves of starch gels prepared from the commercial starch alone, and with 
monopalmitin (MP) and tripalmitin (TP), each added at 1 % w/w. Compression depth of 10 mm at a 
constant rate of 0.5 mm/s and zero gap between compression and release was applied as described in 
the text. Gel strength was calculated as the height of the force peak. 
 
There were significant differences in the textural properties of gels prepared from 
the starches of wheat varieties with T-AM varying between 35 and 43 % (Table 7.3). The 
strength of the gels prepared from these starches was lower than that of commercial starch. 
For example, Diamondbird I (36% amylose content) produced a gel with rupture strength 
of 50 g as compared to 120 g for the commercial starch, whereas gel prepared from variety 
Petrie II (38% amylose content) displayed rupture strength of 110 g (Fig. 7.4). The other 
varieties studied produced gels with textural parameters within these two extreme values 
(Table 7.3). Addition of MP resulted in the decrease of the gel strength, with peak force 
values for all of the starches ranging between 15 and 28 g (Table 7.3).  
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a) 
 
b) 
 
Figure 7.4: TPA curves of starch gels prepared from the starch alone and with added monopalmitin 
(MP) added at 1 % w/w. Compression depth of 10 mm at a constant rate of 0.5 mm/s and zero gap 
between compression and release was applied as described in the text. Gel strength was calculated as 
the height of the force peak. Gels made from variety Petrie (a) and variety Diamondbird (b) are shown 
as examples. 
 
A correlation matrix including amylose content, amylopectin chain length 
distribution and pasting and swelling properties and textural characteristics showed there to 
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be a negative correlation between starch swelling power and gel strength. A significant 
positive correlation at p<0.05 was found between β-amylolysis and gel strength, and a 
negative correlation between strength of gel prepared from starch with added 
monopalmitin and the percentage of long amylopectin chains (DP 25-36) (Table 7.4). Gel 
prepared from waxy wheat did not display any resistance to the penetrating probe. 
 
Starch Starch + Lipid
T-AM 0.743 0.115
F-AM 0.481 0.662
swelling power of flour -0.675 -0.098
swelling power of starch -0.759 -0.273
starch peak viscosity -0.485 -0.139
starch trough -0.180 -0.051
starch breakdown -0.707 -0.202
starch final viscosity -0.148 0.025
starch setback -0.075 0.162
starch peak time -0.166 -0.390
beta-amylolysis 0.939 0.244
iso-amylolysis -0.427 -0.586
DP 6-12 -0.371 0.240
DP 13-24 0.541 0.249
DP 25-36 -0.061 -0.799
DP 37-55 0.183 -0.662
Final Viscosity Increase 0.724 0.099
Starch Gel Strength 1 0.256
Gel Strength
Property
 
Table 7.4: Correlation matrix (based on Pearson’s correlation coefficients) between strength of gels 
prepared from starch alone and starch with added monopalmitin and selected rheological and textural 
parameters. Based on 7 samples, minimum r significant at p=0.05 is 0.755. Values in bold are 
significant at the level of significance alpha=0.05 (two-tailed test). 
 
7.2.3 Lipid complexation versus starch structure 
Preliminary experiments were performed using the commercial wheat starch to 
compare in-vitro complexing ability of palmitic acid and MP. The CI increased with 
increasing concentration of MP up to a maximum value at approximately 1.5 % w/w of 
starch. Further increases of MP concentration did not lead to any further change in 
complexation index (Fig. 7.5). In contrast, CI with palmitic acid reached a maximum 
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around 1 % w/w of starch and further increases in lipid concentration resulted in a decrease 
in CI (Fig. 7.5). Based on these results, all subsequent experiments were performed with 
MP because of its good complexing abilities and limited tendency to form micelles under 
the experimental conditions (Larson, 1980; Tang & Copeland, 2007a). 
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Figure 7.5: Complexing index of commercial starch as a function of the amount of lipid added. Lipids 
were dissolved in ethanol and complexed with starch as described in the text.  
 
To determine the extent to which iodine and monopalmitin are able to complex 
with amylopectin, studies were performed in which concavalin A was used to separate 
amylopectin from amylose according to the method of Matheson & Welsh (1988). After 
removal of amylopectin with concavalin A from the commercial starch, the iodine-binding 
value of the remaining solution decreased by 16 %. Assuming insignificant co-
precipitation of amylose with amylopectin (Matheson & Welsh, 1988), this means that 
approximately one sixth of the iodine-binding value of the commercial starch solution was 
due to amylopectin.  
Debranching the commercial starch with isoamylase increased the iodine-binding 
value by 20%. This value gives an indication of the proportion of amylopectin chains that 
are released and long enough to potentially complex with iodine but do not do so because 
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of steric effects of branching points that hinder complexation with iodine. For the other 
starches used in this study, debranching of starch by isoamylase caused iodine value to 
increase by between 7 and 19% (Table 7.1). The iodine value of starch samples after β-
amylolysis ranged between 24 – 35% of the original iodine value (Table 7.1). This value 
gives an estimate of the amount of iodine bound to the β-limit dextrin, and the variations 
reflect differences in the starch (both amylose and amylopectin) architecture. 
 
7.3 Discussion 
Starches with similar amylose content used in this study displayed pasting 
properties that were influenced significantly by the addition of MP. Varietal differences 
among the starches influenced the viscoelastic characteristics and how these changed in 
response to the addition of MP. Gels formed after pastes produced in the RVA were kept at 
4°C overnight varied widely in their textural properties, which were not linked to amylose 
content or the rheological characteristics measured in the RVA.  
The microstructure of starch gels and the extent to which the structure is changed 
by the addition of lipids and other additives is still poorly understood. Starch gels prepared 
from amylose-rich starches in the absence of lipids are characterized by extended 
molecular networks (Tang & Copeland, 2007b). Lipids added to heated starch suspensions 
cause the molecular components to form aggregated structures associated with amylose–
lipid complex formation, electrostatic effects and phase separation (Richardson et al., 
2004). Such aggregates were observed directly by atomic force microscopy (Tang & 
Copeland, 2007b) and transmission electron microscopy (Richardson, 2003; Richardson et 
al., 2004). The increase in final viscosity due to addition of monopalmitin provides an 
indication of the extent of complexation between starch and lipid (Tang & Copeland, 
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2007a). Texture profile analysis of retrograded gels can indicate the extent to which lipids 
modify gel texture during aging. The gels were stored at 4°C for 16 hours, which is likely 
to be sufficient time for amylose to retrograde substantially whereas amylopectin would 
undergo retrogradation to only limited extent during this time. 
In starch gels without added complexing agent, amylose retrogradation occurs 
within the first few hours after cooling, whereas amylopectin takes hours to days to 
retrograde, depending on storage conditions (Miles et al., 1985). Initial aggregation occurs 
by formation of double helical assemblies, which aggregate further leading to the 
development of a fractal structure. The opacity of the gel is an indicator of the formation of 
amylose aggregates. To produce the opacity, the dimensions of aggregates are at least the 
order of the wavelength of light. As phase separation continues, polymer-rich and polymer-
deficient domains are formed. If the concentration of amylose is sufficient, these domains 
will form an interconnected network (Vallera et al., 1994). In this model, addition of 
complexing agents prevents the formation of double helical crystalline structures because 
single helical complex is a favoured conformation. The gelation process is considered to 
occur through non-covalent interactions (for example, hydrogen bonding) that initiate gel 
formation and are followed by a thermodynamic process of phase separation and/or 
separation through crystalline aggregation (Case et al., 1998; McGrane et al., 2004). 
Additionally, the kinetics of gel formation are also affected by the extent of solubilization 
of starch components during gelatinization (Case et al., 1998). 
The swelling of starches generally decreases with increasing amylose content. 
Lower swelling of starches with increased amylose content was put forward as an 
explanation for lower peak viscosity of amylose rich starches when compared to waxy 
starches in the RVA (Chapter 3). Inverse relationship between amylose content and final 
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viscosity of starches with enriched amylose content was explained by higher degree of 
amylose aggregation, with more closely spaced junction zones giving a tighter network 
(Chapter 3). Increase in final viscosity upon lipid addition was shown to closely correlate 
with decrease in iodine-binding capacity of starch pastes, which in turn indicates higher 
complexation between starch and lipid (Tang & Copeland, 2007a). They hypothesized that 
added lipid caused an increase in spacing between junction zones, inducing a looser gel 
with higher final paste viscosity. In agreement with this hypothesis, the formation of 
starch-lipid complexes was proposed to prevent the amylose from forming double helical 
structures and aggregating into strands. This results in more amylose being in the non-
aggregated single helical conformation, which leads to more extensive intermolecular 
hydrogen bonding as opposed to intramolecular bonding of amylose in double helical 
conformation. Increased intermolecular hydrogen bonding between paste components 
would be expected to increase resistance to shear, which is measured as higher final 
viscosity. It should be noted that the amount of lipid added in this study was not sufficient 
to saturate all of the amylose molecules present in the samples (shown in Fig. 7.5). 
Therefore, it is possible that uncomplexed sections of amylose molecules in between the 
complexed sections were unable to form aggregated structure, resulting in more non-
aggregated amylose, which contributed to higher viscosity increase upon addition of 
monopalmitin. 
Upon cooling after gelatinization, retrogradation leads to development of a network 
formed by strands of amylose aggregates (Richardson et al., 2004; Tang & Copeland, 
2007b). Addition of complexing lipids was shown to induce formation of spherical 
aggregates rather than strand-shaped aggregates. Amylose network is expected to provide 
elasticity and strength against deformation of starch gels (Miles et al., 1985; Mua & 
Jackson, 1997; Shi et al., 1998; Vandeputte et al., 2003c), whereas formation of spherical 
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molecular aggregates provides the gel with easier penetrability as well as greater stickiness 
and adhesiveness. In other words, added complexing emulsifier disrupts bonding across 
larger distances within the gel resulting in decreased cohesiveness of the structure. In 
agreement with this hypothesis, waxy wheat, which is virtually free of amylose, forms a 
translucent highly viscous liquid rather than a gel. The absence of opacity indicates that 
molecular aggregates similar in size to the wavelength of light are not present in the 
structure of amylose-free gels. 
Starches with similar amylose content used in this study formed gels that differed 
widely in their textural properties. However, textural properties of stored gels prepared 
from starch only and with added monopalmitin did not correlate with amylose content or 
rheological characteristics measured by the RVA. It remains unexplained why paste 
rheology is not linked with texture of stored gels although one would expect these two 
characteristics to be correlated. It is most likely that wheat varieties used in this study do 
not differ only in their amylose content but there are variations in architecture of starch 
polymers, compounded on top of the changes in the amylose/amylopectin ratio, as was 
noted by Shi et al. (1998) using several maize hybrids. The significant correlations 
between gel strength characteristics and starch swelling, extent of β-amylolysis and 
amylopectin chain length distribution support the proposal that these properties are related 
to amylose:amylopectin ratio and molecular architecture of both glucans. It is possible that 
subtle differences in structure may have far-reaching consequences in relation to the 
strength of the gels (as was observed in this study) due to the fact that phase separation and 
aggregation kinetics may be very sensitive close to the critical amylose/amylopectin ratio. 
Additionally, with monopalmitin being in the limiting amount in regards to the starch, 
individual starch molecules compete for the available monopalmitin. It is however not 
clear, which fractions of amylose (and possibly amylopectin) are involved in the 
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complexation. These can be parts of starch that are most available for complexation or the 
ones that leach from the starch granule first during the gelatinization and get complexed 
with monopalmitin adhered to the granular surface. 
 
7.4 Conclusions 
This study has shown that pasting properties of wheat starches as measured by 
RVA can be significantly influenced by the addition of MP. Varietal differences in starch 
chemical composition among wheat varieties used in this study were shown to have 
significant effect on the extent of the response of starch viscoelastic characteristics to the 
addition of MP. Amylose content was correlated positively with the increase in final 
viscosity, which was attributed to the presence of more amylose in non-aggregated state 
contributing to higher apparent viscosity of the starch paste.  
Comparison of stored gels obtained from amylose-rich starches with gel prepared 
from waxy wheat variety confirmed the critical role of amylose on the formation of starch 
network and thus providing the strength of the gel. Lack of correlation between textural 
properties of stored gels with amylose content or rheological characteristics measured by 
the RVA indicated that subtle differences in starch structure may have far-reaching 
consequences in relation to the strength of the gels, although these differences may have 
only limited effect on pasting properties in the RVA. 
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Chapter 8 
8  EFFECTS OF LIPIDS ON PASTING PROPERTIES OF 
COMMERCIAL WHEAT STARCH DURING REPEATED 
HEATING AND COOLING IN THE RVA 
 
8.1 Introduction 
The unique characteristics of many of the starch containing foods are a 
consequence of starch pasting, gelatinization and retrogradation. Many processed foods 
undergo multiple heating and cooling or a period of storage of variable length at moderate 
or low temperatures before consumption. These foods typically include pasteurized foods, 
convenient meals and precooked and cooked foods in mass catering. Starch retrogradation 
and interactions with other food components often induce significant changes to food 
characteristics. With a rising demand for new and altered properties of starch that meet 
consumer demand for functional foods, the gelatinization and retrogradation behavior of 
starches is of interest when evaluating starches for use in food products. 
During retrogradation, amylose and amylopectin molecules in gelatinized starch 
tend to re-associate upon cooling into an ordered structure to form crystallites. Starch 
retrogradation occurs readily during the storage of heat-processed starchy foods, as a 
spontaneous process reaching a metastable state of lower free energy. Retrogradation often 
exerts unacceptable influences on the texture of starchy foods, such as in staling of bread 
and hardening of rice cake. Starch retrogradation results in a reduction of glycaemic 
response due to the increased resistance to digestive enzymes (Crowe et al., 2000; 
Eerlingen et al., 1994). Similarly, amylose lipid interactions are of interest due to their 
effect on functional and nutritional characteristics of starch containing food products. 
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Lipids have the potential to reduce the digestibility of starch, thereby decreasing glycaemic 
response of food and providing sustained postprandial levels of glucose in blood. On the 
other hand, complexation of starch with lipids generally inhibits or slows down the process 
of retrogradation, this decreasing resistance of starch to digestive enzymes (Jeong & Lim, 
2003).  
Tang & Copeland (2007a) showed that starch-lipid complexes can be formed 
directly in the RVA and that viscoelastic parameters can be correlated with the formation 
of starch-lipid complexes. The influence of starch variety on the complex formation in the 
RVA was investigated in Chapter 7. Nevertheless, most reports in the literature up to date 
used single heating-cooling RVA runs with only a limited number of reports using 
modified RVA protocols (Batey, 2007; Blakeney & Booth, 2001; Corke et al., 1996; 
Nelles et al., 2000). In the present study, formation of Type I and Type II starch-lipid 
complexes was explored by investigating the effect of multiple heating and cooling on 
starch pastes with added monoglycerides using the Rapid Visco Analyser. 
 
8.2 Results 
Commercial starch obtained from Penford Australia Pty Ltd described in Chapter 
2.1.1 was used in this chapter. Lipids and starches were complexed in an aqueous 
environment according to the method described in Chapter 2.2.15. Pasting properties of 
starch with added lipids were investigated according to method 2.2.8. XRD analysis of 
freeze-dried pastes was performed using the method described in Chapter 2.2.10.  
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8.2.1 Complexation of starch with lipids 
Lipids used in this study interacted in vitro with commercial starch differently 
based on their chemical structure (Table 8.1). Tripalmitin, monocaprylin (C8:0) and 
monocaprin (C10:0) resulted in low complexing indices, whereas the other monoglycerides 
decreased the iodine-binding capacity of the commercial starch by 85-95 % (Table 8.1). 
Decrease in iodine binding capacity measures starch-lipid complexes that are sufficiently 
stable to prevent iodine from competitively replacing the lipid in the complex. 
 
Table 8.1: Overview of lipids used in this study. Melting temperature (Tm) adopted from Sigma 
Aldrich product data sheets and Lindman (1984). Complexing index (CI) in vitro measured as decrease 
in iodine-binding capacity due to addition of excess amount of lipid as described in the text. XRD 
patterns (Retrograded Starch, Type I and Type II starch-lipid complex) of freeze-dried RVA pastes 
are described in the text. STD1 and 15STD1 RVA profiles described in 2.2.7 and 2.2.8, respectively. 
 
lipid
Tm       
(°C)
CI      
(%)
XRD pattern      
after STD1
XRD pattern      
after 15STD1
monocaprylin (C8:0) - 6.1 Retrograded Starch Type I Complex
monocaprin (C10:0) 51 21.0 Type I Complex Type II Complex
monolaurin (C12:0) 60 92.1 Type I Complex Type II Complex
monomyristin (C14:0) 68 94.1 Type I Complex Type II Complex
monopalmitin (C16:0) 74 94.7 Type I Complex Type II Complex
monostearin (C18:0) 78 94.4 Type I Complex Type II Complex
monopalmitolein (C16:1) - 94.3 Retrograded Starch Type I Complex
monoolein (C18:1) 35 95.0 Retrograded Starch type I complex
monoerucin (C22:1) 52 94.8 Retrograded Starch Type I Complex
monolinolein (C18:2) - 92.9 Retrograded Starch Type I Complex
monolinolenin (C18:3) - 87.3 Retrograded Starch Type I Complex
tripalmitin (3x(C16:0)) 66 6.7 Retrograded Starch Retrograded Starch  
 
8.2.2 Starch-only pastes 
The RVA trace of a starch-only paste featured viscosity peaks during the low 
temperature parts of the profile (referred to subsequently as cold paste viscosity) 
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alternating with viscosity troughs during high temperature parts of the profile (hot paste 
viscosity) (Fig. 8.1a). 
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Figure 8.1: RVA traces of starch pastes during repeated heating and cooling. A. starch-only paste     
(⎯ viscosity, --- temperature); B. starch pastes with added monocaprin (C10), monolaurin (C12) and 
monomyristin (C14); C. starch pastes with added monopalmitin (C16) and monostearin (C18). Pastes 
prepared from 3 g commercial wheat starch and 25 ml water as described in the text. Monoglycerides 
added in the amount of 30 mg corresponding to 1 % (w/w) per starch. 
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The fluctuation of viscosity values during heat-cool cycles determined as the 
difference between hot and cold paste viscosity in each cycle, remained essentially 
constant in the course of a 3-hour RVA profile. However, the cycling caused a slight 
decrease in both hot and cold viscosity values throughout the RVA profile. Starch paste 
with added tripalmitin displayed the same trace as starch paste without added lipid (results 
not shown). XRD patterns of freeze-dried starch paste after STD1 cycle displayed a typical 
B-type crystallinity pattern (Table 8.1 & Fig. 8.3a). This pattern is characterized by a peak 
around 17° 2θ (Buleon et al., 1998) and is subsequently referred to as a Retrograded Starch 
pattern. Starch paste subjected to 15 STD1 cycles also displayed B-type pattern, although 
peak at 17° 2θ appeared more sharply defined than that of starch paste after STD1 profile 
(Fig. 8.3a,b). 
 
8.2.3 Effects of saturated monoglycerides on starch paste 
Starch paste with added monocaprylin (C8:0) displayed a viscosity trace very 
similar to the trace of starch paste without added lipid. No increase of viscosity was noted 
at the end of the first cycle (equivalent to final viscosity at STD1 profile). Paste with added 
monocaprylin displayed lower viscosity values throughout the whole RVA run compared 
to the starch paste without added lipid. The paste displayed B-crystallinity pattern after 
STD1 cycle but at the end of the 15STD1 profile, the paste displayed a broad V-type XRD 
pattern (subsequently referred to as Type I Complex pattern, Fig. 8.3c,d; based on the 
nomenclature by Biliaderis et al., 1986b), which was characterized by broad peaks at 
diffraction angles around 7°, 13° and 20° 2θ (Table 8.1 & Fig. 8.3c,d) (Buleon et al., 
1998). In addition to these two peaks characteristic for V-type crystallinity, broad B-type 
crystalline peak at 17.4° 2θ was observed. 
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Starch pastes with 1% monocaprin (C10:0), monolaurin (C12:0) and monomyristin 
(C14:0) featured increased final viscosity values at the ends of the 1st to 4th cycles followed 
by continuous decrease of the cold paste viscosity peaks during first 7 to 8 cycles (Fig. 
8.1b). Hot paste viscosity values remained stable throughout the RVA run. From around 9th 
cycle, viscosity traces reached steady state, characterized by stable temperature-dependent 
viscosity fluctuations. Interestingly, although displaying significantly different viscosity 
traces during the first few cycles, added monoglycerides with fatty acid chain length 
between 10 and 14 carbon atoms resulted in almost identical traces after approximately 90 
minutes of the RVA run (Fig. 8.1b). XRD patterns of freeze-dried pastes with added 
saturated monoglycerides after STD1 cycle displayed Type I Complex pattern with 
underlying peaks typical for retrograded starch (Fig. 4). Subjecting these pastes to 15STD1 
profile resulted in sharpening of the peaks at diffraction angles of 7°, 13° and 20° 2θ 
characteristic for V-type crystallinity (this pattern further referred to as Type II Complex 
pattern, Table 8.1; based on the nomenclature by Biliaderis et al., 1986b). Peak at 17.4° 2θ 
remained unchanged (Fig. 8.4).  
Starch paste with monopalmitin (C16:0) produced RVA curve that was less stable 
than when monoglycerides with shorter chain lengths were used (Fig. 8.1c). Increase in 
final viscosity in the first cycle was significantly greater compared to monoglycerides with 
shorter chain length. Subsequent cold paste viscosity peaks displayed decreasing trend 
comparable to the traces of shorter chained monoglycerides. Instead of reaching an 
equilibrium state, viscosity peaks displayed increasing tendency from 8th to 11th cycle 
further followed by another gradual decrease. 
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Figure 8.2: XRD patterns of freeze dried RVA pastes: a) starch-only paste after 1 cycle, b) starch-only 
paste after 15 cycles, c) starch paste with added monocaprylin (C8:0) after 1 cycle, d) starch paste with 
added monocaprylin (C8:0) after 15 cycles. Pastes prepared from 3 g commercial wheat starch and 25 
ml water as described in the text. Monoglycerides added in the amount of 30 mg corresponding to 1 % 
(w/w) per starch. Patterns are offset for clarity of the presentation. Solid arrow indicates peak 
corresponding for B-type crystallinity of retrograded starch and open arrows indicate peaks 
corresponding for V-type crystallinity of starch-lipid complexes. 
 
Monostearin (C18:0) had the most pronounced and most unusual effect on the 
viscosity trace of starch paste (Fig. 8.1c). This trace featured high cold paste viscosity 
peaks comparable to starch paste without added lipid but displayed hot paste viscosity 
troughs that were significantly reduced. In other words, viscosity decreased only partly 
during the heating stage of the cycle, followed by a further increase in viscosity in spite of 
the temperature being maintained at 95°C. Followed by the cooling stage of the cycle, 
where viscosity normally steadily increases, starch paste with monostearin displayed 
increasing viscosity interrupted by levelling off instead of peaking as observed for pastes 
without added lipid. In later stages of the profile, this stagnation became more profound up 
to the stage, where a decrease of viscosity was observed (Fig. 8.1c). 
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XRD patterns of starch pastes with added monopalmitin and monostearin showed 
similarities with XRD patterns of pastes with saturated monoglycerides with shorter chains 
of their fatty acids. One RVA cycle induced type I complex pattern, whereas 15 cycles 
perfected this pattern into clearly defined type II complex pattern with sharp peaks at 7°, 
13° and 20° 2θ diffraction angles (Table 8.1 & Fig. 8.4). 
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Figure 8.3: XRD patterns of freeze dried RVA pastes: a) starch-only paste after 1 cycle, b) starch paste 
with added monopalmitin (C16:0) after 1 cycle, c) starch paste with added monopalmitin (C16:0) after 
15 cycles, d) starch paste with added monostearin (C18:0) after 1 cycle, e) starch paste with added 
monostearin (C18:0) after 15 cycles. Pastes prepared from 3 g commercial wheat starch and 25 ml 
water as described in the text. Monoglycerides added in the amount of 30 mg corresponding to 1 % 
(w/w) per starch. Patterns are offset for clarity of the presentation. Solid arrow indicates peak 
corresponding for B-type crystallinity of retrograded starch, open arrows indicate peaks 
corresponding for V-type crystallinity of starch-lipid complexes and partly filled arrows indicate peaks 
corresponding to crystalline pattern from micellar lipid aggregates. 
 
8.2.4 Effects of unsaturated monoglycerides on starch paste 
All unsaturated monoglycerides used in this study were in cis configuration. These 
are known to form complexes much less stable than their trans or saturated equivalents. 
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Starch pastes with added monopalmitolein (C16:1) and monoolein (C18:1) displayed 
unstable RVA traces characterized by ‘waves’ of decreasing and increasing viscosity (Fig. 
8.4). Starch pastes with added monoerucin (C22:1), monolinolein (C18:2) and 
monolinolenin (C18:3) showed stable traces with only slightly increasing viscosity during 
the course of long RVA profile. 
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Figure 8.4: RVA trace of starch pastes with added monopalmitoolein (C16:1), monoolein (C18:1) and 
monoerucin (C22:1) during repeated heating and cooling, 3 g of starch in 25 ml water with 30 mg of 
added lipid. Pastes prepared from 3 g commercial wheat starch and 25 ml water as described in the 
text. Monoglycerides added in the amount of 30 mg corresponding to 1 % (w/w) per starch. 
 
XRD patterns of the starch paste with added monoolein subjected to STD1 profile 
displayed B-type crystallinity, whereas 15 STD1 cycles induced broad V pattern with 
underlying peaks typical for B-crystallinity (Table 8.1 & Fig. 8.5). Similarly as monoolein, 
other unsaturated monoglycerides used in this study induced B-type pattern after STD1 
cycle and broad V pattern after 15 heat-cool cycles (Table 8.1). 
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Figure 8.5: XRD patterns of freeze dried RVA pastes: a) starch-only paste after 1 cycle, b) starch paste 
with added monoolein (C18:1) after 1 cycle, c) starch paste with added monoolein (C18:1) after 15 
cycles. Pastes prepared from 3 g commercial wheat starch and 25 ml water as described in the text. 
Monoglycerides added in the amount of 30 mg corresponding to 1 % (w/w) per starch. Patterns are 
offset for clarity of the presentation. 
 
 
8.3 Discussion 
Stable temperature-dependent viscosity traces of starch-only pastes indicated that 
multiple heating & cooling cycles in the 15STD1 profile did not induce any major 
degradation of starch molecules. The gel formed and melted reproducibly under the 
conditions used. Slight decrease in hot and cold viscosities during the first 5 cycles 
followed by stabilization of the trace may be attributed to the decrease in amount of ghost 
granules due to continuous thermal input and constant shear (Evans & Lips, 1992). 
Another contributing factor may be more extensive retrogradation in the paste after 
multiple heat-cool cycles as opposed to one cycle only. This was supported by XRD 
analysis. It should be noted that it cannot be unambiguously concluded whether crystalline 
structures observed by XRD (retrograded starch and starch-lipid complexes) were formed 
in-situ or during drying. However, in the case of starch-lipid complexes, it is unlikely that 
 178
complexation of starch with lipids would occur during drying as starch-lipid complexation 
would require higher temperatures.   
Monocaprylin (C8:0), a complex-forming lipid with very low complex stability, did 
not induce major changes to the viscosity trace during repeated heat-cool treatment of 
starch paste and did not significantly decrease iodine-binding capacity of starch solution. 
In comparison, freeze-dried paste with added monocaprylin after repeated heat-cool 
treatment displayed broad V-type XRD pattern compared to B pattern of starch-only paste. 
It can be concluded that complexes between starch and monocaprylin are not stable and do 
not have a major effect on the rheology of the paste, but are able to influence 
retrogradation of starch. 
Observed similarities in the effects of monoglycerides with chain lengths of C10 – 
C14 on viscoelastic characteristics after sufficient time and shear indicates that although 
these three saturated monoglycerides have fatty acids of different chain length, different 
melting temperatures and stability of corresponding amylose-lipid complexes, sufficient 
amount of shear allows the systems to reach equilibrium states. Viscosity has been shown 
to be primarily determined by amylose network formation and extent and type of amylose 
aggregation. Complexing lipids cause amylose to aggregate into globular aggregates rather 
than into strand-like network-forming aggregates observed in the pastes with no added 
lipid or with non-complexing lipid (Tang & Copeland, 2007b). It is hypothesized that 
similar viscoelastic behavior of starch systems with added monoglycerides of C10 – C14 is 
due to these three monoglycerides causing aggregation of amylose chains into globular 
aggregates in a similar manner. Differences in viscosity traces in the first few cycles of the 
RVA run are probably related to different melting temperatures of these monoglycerides 
and different stability of the corresponding complexes with amylose related to chain length 
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of the fatty acid. Within the first few cycles interactions between starch and lipid are likely 
to result in amorphous Type I complexes being formed. In agreement with this assumption, 
a broad XRD V-pattern was observed. As shear continues to keep the paste in motion, 
individual starch-lipid complexes aggregate together forming more crystalline structures of 
Type II complexes. Transformation of Type I complexes into Type II complexes results in 
increased aggregation of gel components detected as lower viscosity. The longer the chain 
of the fatty acid in the monoglyceride, the harder it is for the complexes to align into 
crystalline structures, therefore it takes longer for the paste containing monomyristin to 
reach an equilibrium low viscosity state than it takes for monolaurin and monocaprin. 
Also, Type I complexes may continue to melt to some extent under repeated heating and 
cooling, whereas Type II complexes require higher temperatures to melt once they are 
formed. 
Starch-lipid complexes with monoglycerides containing longer chain fatty acids are 
more stable and display higher dissociation and melting temperatures than their equivalents 
with shorter chain length (Eliasson and Krog, 1985; Biliaderis et al., 1986b; Kowblansky, 
1985; Raphaelides and Karkalas, 1988). Also, they require higher temperatures and 
prolonged heat treatments to form Type II complexes (Tufvesson et al., 2003a,b). This 
trend became evident when monoglycerides with different chain lengths were compared. 
Monocaprylin did not induce significant changes to rheological behavior of the starch paste 
although it formed unstable complexes that aggregated into Type I complexes after 
sufficient time. In contrast, monoglycerides with C10 – C14 formed Type I complexes 
during the first heat-cool cycle accompanied by significant increase in final viscosities of 
several first heat-cool cycles. Following heat-cool cycles caused Type I complexes to 
crystallize into Type II complexes, which was accompanied by decrease in viscosity. 
Monostearin, similarly as monoglycerides with shorter chain length, readily formed Type I 
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complex, which transformed into Type II after prolonged heat-cool cycling. However, this 
was accompanied by very different viscosity behavior, which may be hypothesized to be 
due to higher melting temperature (78°C) of the lipid or due to higher tendencies to form 
micelles. 
Monoglycerides were added to starch in a constant w/w starch:lipid ratio, which 
means there are more molecules of the monoglyceride with shorter chain length than there 
are the ones with longer chain length. Correcting for the effect of glycerol, it can be 
calculated, for example, that there is 37% more fatty acid side chain available for 
complexing in monostearin than there is in monocaprylin. In other words, constant amount 
of added lipid means that monoglycerides with longer fatty acid can complex with 
significantly larger proportion of an amylose chain when compared to monoglycerides 
with shorter chain. Also, larger amount of individual amylose-lipid complexes formed with 
monoglycerides with short fatty acid chain compared monoglycerides with longer chain 
(64% more molecules of monocaprylin in 1 g than of monostearin) may have significant 
effect on the aggregation of molecular components. These factors, together with melting 
temperature of monoglycerides used in this study and thermal stability of complexes 
formed, are proposed to be some of the causes for varying rheological behavior of pastes 
prepared with saturated monoglycerides with different chain lengths of the their fatty acid.  
When saturated and unsaturated monoglycerides of the same length are compared, 
it is found that the trans-unsaturated monoglycerides have a transition temperature similar 
to that of the saturated analogue, whereas the cis-unsaturated monoglycerides seem to be 
less stable (Eliason and Krog, 1985, Riisom et al., 1984). Cis configuration of the double 
bond in the unsaturated monoglycerides used in this study hampered formation of type II 
complexes under prolonged heat-cool cycling. Low stability of complexes between these 
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monoglycerides and starch was observed through XRD pattern of B-type rather than V-
type after 1 heat-cool cycle.  
 
8.4 Conclusions 
Paste prepared from commercial wheat starch was found to produce a stable 
temperature-dependent viscosity curve when subjected to multiple heat-cool cycles. 
Viscoelastic properties of starch paste were significantly altered depending on the chain 
length and saturation of the fatty acid of the monoglyceride added. Varying effects of used 
monoglycerides on the paste viscosity were attributed to different complexation abilities of 
these lipids with starch. It was proposed that stability and structure of the starch-lipid 
complexes formed affect the viscosity trace of the paste subjected to multiple heating and 
cooling. Tendency of type I complexes to transform into type II form under constant shear 
and temperature fluctuations is hypothesized to exert uniform influence on aggregation and 
phase separation on paste components, which directly influences rheology of starch pastes. 
Our study indicated that differing monoglycerides in combination with the number of heat-
cool cycles and pH of the starch matrix can be used to induce form I or form II starch-lipid 
complexes and thus manipulate paste rheology, gel structure and resistant starch content. 
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Chapter 9 
9 GENERAL DISCUSSION 
 
In this thesis, a set of wheat varieties produced by the Value Added Wheat 
Cooperative Research Centre with lower swelling power as compared to commercial 
Australian wheat varieties were studied to enhance our understanding of the role of 
amylose in starch functionality. This study showed that swelling power of flour is a simple 
test that reflects a number of industrially relevant characteristics of starch, and therefore 
can be used as an indicator of amylose content and pasting properties of starch. In contrast 
to waxy starches and starches with normal amylose content, wheat starches with increased 
amylose content displayed characteristic pasting properties that featured decreasing peak, 
breakdown and final viscosities with increasing amylose contents. The existence of a 
threshold value in amylose content was proposed, above which final viscosity of starch 
paste does not increase further with increasing amylose content. Variability in amylopectin 
chain length distribution was shown to have an additional effect on the swelling and 
pasting properties of the starches. 
At the molecular level, increased amylose content was correlated with increased 
repeat spacing of the lamellae present in the semicrystalline growth rings.  In agreement 
with current understanding of starch synthesis, amylose was shown to accumulate in both 
crystalline and amorphous parts of the lamella. Using waxy starch as a distinctive 
comparison with the other samples confirmed the general principle that increasing amylose 
content is linked with the accumulation of defects within crystalline lamellae. Amylose 
content was shown to directly influence the architecture of semicrystalline lamellae, 
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whereas thermodynamic and functional properties were proposed to be brought about by 
the interplay of amylose content and amylopectin architecture. 
Subjecting starch granules of varying amylose content to pancreatic α-amylase 
showed differences in their digestion patterns. Pancreatic α-amylase preferentially attacked 
amorphous regions of waxy starch granules, whereas these regions for initial preferential 
hydrolysis gradually diminished with increasing amylose content. Observed variations in 
the extent of enzymic digestion were concluded to be primarily determined by the level of 
swelling of amorphous growth rings, which can also explain observed morphologies of 
partly digested granules with varying amylose content. Access to the granular components 
was confirmed to not be a function of the extent of crystallinity, but rather the spatial 
positioning of the crystalline regions within the granule. Digestion kinetics are governed 
by factors intrinsic to starch granules, whereas enzyme type was shown to be critical in 
determining the absolute rate of hydrolysis. Wheat starches with increased amylose content 
offer the potential to be used as slow digestible starch, mostly in their granular form or 
when complexed with lipids. Differences between varieties largely diminished when 
starches were gelatinized or allowed to retrograde demonstrating the importance of 
granular structure on starch hydrolysis.  
Tang & Copeland (2007a) showed that pasting properties of wheat starches as 
measured by the Rapid Visco Analyser can be significantly influenced by the addition of 
monopalmitin. Varietal differences in starch chemical composition among wheat varieties 
used in this thesis were shown to have significant effect on the extent of the response of 
starch viscoelastic characteristics to the addition of monopalmitin. Amylose content was 
positively correlated with the increase in final viscosity, which was attributed to the 
presence of more amylose in non-aggregated state contributing to higher apparent viscosity 
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of the starch paste. Comparison of stored gels obtained from amylose-rich starches with gel 
prepared from waxy wheat varieties confirmed the critical role of amylose on the 
formation of starch network and thus providing the strength of the gel. Lack of correlation 
between textural properties of stored gels with amylose content or rheological 
characteristics measured by the RVA indicated that subtle differences in starch structure 
may have far-reaching consequences in relation to the strength of the gels, although these 
differences may have only limited effect on pasting properties in the RVA 
Building on findings reported by Salman (2008), viscoelastic properties of starch 
paste prepared from commercial wheat starch were significantly altered depending on the 
chain length and saturation of the fatty acid of the monoglyceride added during repeated 
heating and cooling in the Rapid Visco Analyser. Varying effects of different 
monoglycerides on the paste viscosity were attributed to different complexation abilities of 
these lipids with starch. It was proposed that stability and structure of the starch-lipid 
complexes formed affect the viscosity trace of the paste subjected to multiple heating and 
cooling. Tendency of Type I complexes to transform into the Type II form under constant 
shear and temperature fluctuations was hypothesized to exert influence on aggregation and 
phase separation of paste components, which directly influences rheology of starch pastes. 
The present study indicated that differing monoglycerides in combination with the number 
of heat-cool cycles can be used to induce Type I or Type II starch-lipid complexes and thus 
manipulate paste rheology, gel structure and resistant starch content. 
Combining the findings with other reports in the literature, it was concluded that 
while functional properties and structure of wheat starches are determined largely by 
amylose content, there may be structural and functional variations at a given amylose 
content, which are influenced by the genetic background. Increased amylose content 
 185
causing lower swelling seems to be the major cause of the slower rate of hydroloysis these 
starches exhibit. These findings have implications in the development of new products, 
which is currently a strategic area of the food industry. Health benefits of slowly-digestible 
and resistant starches have made it a topic of considerable interest over the last few years, 
and the understanding and potential uses of resistant starch are continuing to grow. Careful 
choice of agricultural produce and consideration of processing methods can offer food 
producers the possibility of lowering glycaemic response of processed foodstuffs. 
Recent studies showed that 47% of women and 63% of men in Australia are 
classified as overweight or obese (Australian Institute of Health and Welfare, 2003). 
Australians are at the point where it is almost more "normal" to have an excess weight 
problem than not. Over the last decade the Australian population has continued to gain 
weight, and this trend is increasing. It is generally accepted that diet can have a very 
significant effect on human health and well-being. Apart from the traditional nutritional 
aspects of the food, today’s consumers expect additional health benefits from regular 
ingestion of food. Consumer interest in health benefits of foods have presented 
opportunities for processors to capitalise on the many health benefits of a naturally-
occurring form of starch, resistant starch. This thesis contributed to the understanding of 
the connection between amylose content and slowly digestible and resistant starches, and 
how these can be modified by processing conditions. 
The amylose content of cereal crops can be increased by genetic modification or by 
breeding selection. Successful genetic manipulation of genes involved in starch synthesis 
was shown to lead to significant increase of amylose content in starch but is often 
accompanied by severe alteration of granule structure and morphology and thus 
functionality (Hung et al., 2007). Accordingly, in order for the new crop to retain its 
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economic viability, functionality of gluten and crop yield must be maintained. Public 
acceptance of genetically modified crops has generally not been achieved worldwide to 
date and thus breeding selection still retains its importance in developing variability of 
cereal sources. 
Several areas were not investigated in this thesis because they were considered 
beyond the scope of the research plan. Possible future direction for research may include 
study of functional properties of starches as amylose content further increases beyond what 
was described in this study. With fast development of imaging techniques, it is likely that 
our understanding of the starch granule structure will be enhanced in the near future. Effect 
of variety on the rheology of pastes with added monoglycerides during repeated heating 
and cooling is one of the areas, where further research is required to understand the 
complex interplay between starch and lipids in such systems.  
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Appendix 
 
Appendix 1. Amylose content, swelling properties and percentage of A granules of the 
samples used in this study. 
 
free 
amylose 
content
absolute 
amylose 
content
lipid-
complexed 
amylose
swelling test  
of flour
swelling test 
of starch
A granules
(%) (%) (%) - - (%)
SM1118 I 30.6 38.3 7.7 9.56 6.05 53.55
SUNMIST I 33.5 37.8 4.3 9.39 6.47 62.17
COMMERCIAL FLOUR 32.9 35.2 4.5 9.67 6.32 57.34
SM1028 I 32.9 37.4 4.5 9.67 6.58 61.70
SUNVALE I 32.4 36.6 4.2 9.70 6.40 56.54
PETRIE I 31.5 36.7 5.2 9.54 6.40 53.52
BANKS I 31.5 37.8 6.3 9.56 5.94 57.70
PELSART I 33.0 37.1 4.1 9.20 6.24 55.98
DIAMONDBIRD I 29.9 36.1 6.2 11.59 6.26 58.16
LANG I 32.1 38.3 6.2 10.00 6.40 55.45
MINTO I 33.6 38.2 4.7 9.99 5.37 53.84
BAXTER I 32.2 38.0 5.8 9.53 5.91 55.47
BANKS II 35.3 39.8 4.5 8.78 6.01 55.69
PETRIE II 32.9 37.6 4.7 9.76 5.67 50.32
BAXTER II 33.6 40.4 6.7 9.37 5.96 57.02
PELSART II 31.9 37.8 5.9 9.75 5.97 53.17
DIAMONDBIRD II 31.2 36.1 4.9 10.16 6.13 64.39
BATAVIA II 29.8 37.1 7.2 11.19 6.50 55.86
SM1028 II 34.0 38.5 4.5 8.96 5.95 57.32
SM1118 II 33.2 38.8 5.6 9.47 5.41 57.09
DIAMONDBIRD III 26.3 35.6 9.3 9.80 6.86 62.70
SM1028 III 29.5 40.1 10.6 8.36 6.28 61.61
MINTO III 30.1 39.2 9.1 8.74 6.36 55.50
MEERING III 32.1 38.4 6.3 9.25 6.17 62.25
SUNMIST III 31.3 40.3 9.0 8.90 6.35 64.10
SM1046 III 28.6 42.8 14.2 8.68 6.11 58.58
SUNVALE III 29.8 41.3 11.5 9.00 6.47 57.53
VASCO III 30.7 38.9 8.2 9.77 6.14 56.00
LANG III 30.8 40.5 9.7 9.59 6.10 56.97
EGA HUME III 30.7 36.8 6.2 10.60 6.86 58.02
V306 III 32.9 39.0 6.1 8.93 6.16 56.76
OA24-328-1 III 31.0 40.2 9.2 8.84 6.02 57.54
OA24-328-2 III 31.1 40.4 9.3 9.11 5.99 57.15
OA24-328-3 III 33.1 41.2 8.1 8.62 5.84 59.22
OA24-198-2 III 30.9 40.3 9.4 7.70 5.50 62.77
OA24-198-3 III 33.4 42.0 8.7 8.61 5.62 55.91  
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Appendix 2. RVA pasting properties of flour samples used in this study. 
 
flour peak 
viscosity
f lour trough flour 
breakdown
flour f inal 
viscosity
f lour 
setback
(RVU) (RVU) (RVU) (RVU) (RVU)
SM1118 I 165.1 115.2 49.9 227.9 112.8
SUNMIST I 205.8 134.4 71.3 259.9 125.5
COMMERCIAL FLOUR 229.3 127.7 101.6 261.7 134.0
SM1028 I 187.2 123.3 63.9 243.6 120.3
SUNVALE I 187.5 120.1 67.4 230.5 110.4
PETRIE I 198.9 124.1 74.8 241.6 117.5
BANKS I 161.9 114.6 47.3 222.9 108.3
PELSART I 195.0 121.1 73.9 231.4 110.3
DIAMONDBIRD I 253.0 138.1 114.9 251.1 113.0
LANG I 199.5 125.2 74.3 235.8 110.7
MINTO I 178.8 117.0 61.8 227.7 110.7
BAXTER I 186.6 118.2 68.4 229.8 111.7
BANKS II 170.0 112.8 57.3 228.9 116.2
PETRIE II 203.6 126.3 77.3 252.0 125.8
BAXTER II 201.9 126.8 75.1 246.3 119.5
PELSART II 225.8 129.9 95.9 250.5 120.6
DIAMONDBIRD II 255.9 138.6 117.3 256.8 118.2
BATAVIA II 272.0 137.4 134.6 250.4 113.0
SM1028 II 179.6 118.1 61.5 239.2 121.1
SM1118 II 180.1 112.7 67.4 225.1 112.4
DIAMONDBIRD III 243.0 131.8 111.3 227.7 95.9
SM1028 III 184.4 118.2 66.3 223.3 105.1
MINTO III 198.8 132.2 66.6 246.8 114.6
MEERING III 205.1 135.8 69.3 253.2 117.3
SUNMIST III 209.3 134.9 74.3 253.3 118.4
SM1046 III 198.2 139.7 58.5 255.3 115.6
SUNVALE III 229.3 143.7 85.7 262.3 118.7
VASCO III 235.9 142.7 93.3 254.8 112.1
LANG III 221.8 138.8 82.9 252.3 113.5
EGA HUME III 264.3 141.1 123.3 239.6 98.5
V306 III 158.9 102.6 56.3 202.0 99.4
OA24-328-1 III 174.8 122.3 52.5 235.8 113.5
OA24-328-2 III 168.8 112.3 56.4 217.9 105.6
OA24-328-3 III 164.9 112.8 52.1 222.4 109.6
OA24-198-2 III 176.4 120.7 55.8 230.0 109.3
OA24-198-3 III 177.5 122.6 54.9 232.0 109.4  
 
 223
Appendix 3. RVA pasting properties of starch samples used in this study. 
 
starch peak 
viscosity
starch 
t rough
starch 
breakdown
starch final 
viscosity
starch 
setback
starch peak 
time
(RVU) (RVU) (RVU) (RVU) (RVU) (min)
SM1118 I 222.5 165.6 56.9 262.5 96.8 6.47
SUNMIST I 234.2 162.4 71.8 274.0 111.6 6.30
COMMERCIAL FLOUR 234.9 144.4 90.5 253.0 108.6 6.10
SM1028 I 220.3 149.7 70.6 255.9 106.2 6.13
SUNVALE I 230.4 168.3 62.1 271.9 103.5 6.34
PETRIE I 219.4 161.5 57.8 261.1 99.6 6.30
BANKS I 208.3 156.4 52.0 246.5 90.1 6.44
PELSART I 228.9 164.3 64.7 257.0 92.7 6.37
DIAMONDBIRD I 258.5 176.0 82.5 272.5 96.5 6.44
LANG I 229.7 168.4 61.3 263.1 94.7 6.47
MINTO I 213.2 158.4 54.8 247.2 88.8 6.50
BAXTER I 236.0 166.5 69.5 273.3 106.8 6.47
BANKS II 205.3 164.0 41.3 247.9 83.9 6.37
PETRIE II 239.0 184.2 54.8 288.6 104.4 6.47
BAXTER II 236.9 176.7 60.2 283.3 106.6 6.37
PELSART II 238.1 186.8 51.3 281.4 94.5 6.37
DIAMONDBIRD II 263.5 217.7 45.8 313.5 95.8 6.73
BATAVIA II 268.0 206.8 61.2 306.9 100.2 6.57
SM1028 II 207.2 171.0 36.3 255.2 84.2 6.40
SM1118 II 201.8 171.8 30.0 244.3 72.5 6.47
DIAMONDBIRD III 236.8 173.2 63.6 278.1 104.9 6.53
SM1028 III 202.8 151.8 51.0 250.8 98.9 6.33
MINTO III 202.8 163.7 39.2 255.3 91.7 6.67
MEERING III 212.3 163.3 48.9 267.7 104.3 6.53
SUNMIST III 210.3 161.3 48.9 268.5 107.2 6.53
SM1046 III 211.8 169.0 42.8 265.8 96.8 6.67
SUNVALE III 225.8 182.8 42.9 274.9 92.1 6.67
VASCO III 243.4 191.8 51.6 300.6 108.9 6.73
LANG III 232.1 185.2 46.9 286.3 101.1 6.60
EGA HUME III 256.5 206.0 50.5 306.4 100.4 6.93
V306 III 191.6 150.3 41.3 232.7 82.4 6.47
OA24-328-1 III 188.5 143.9 44.6 234.7 90.8 6.27
OA24-328-2 III 204.7 161.6 43.1 247.9 86.3 6.40
OA24-328-3 III 200.8 155.6 45.2 245.5 89.9 6.34
OA24-198-2 III 211.9 161.3 50.6 261.3 100.0 6.44
OA24-198-3 III 181.4 142.0 39.4 228.7 86.7 6.36  
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Appendix 4. Selected properties of starches used in this study. The ΔFV was calculated as 
the percentage difference between FV of starch pastes with added lipid compared to starch 
alone as described in 2.2.7. Beta- and iso-amylolysis expressed as % change in iodine 
binding were determined as described in the text 2.2.16. Amylopectin chain length 
distribution was determined by fluorophore-assisted capillary electrophoresis as described 
in 2.2.5. 
 
lipid induced 
φFV
beta-
amylolysis
iso-
amylolysis DP 6-12 DP 13-24 DP 25-36 DP>36
(%) (%) (%) (%) (%) (%) (%)
SM1118 I 32.9 28.9 113.6 45.49 48.57 5.47 0.47
SUNMIST I 25.0 26.8 106.6 45.42 48.26 5.70 0.62
COMMERCIAL FLOUR 24.6 28.3 113.1 44.97 48.93 5.63 0.46
SM1028 I 23.8 29.3 108.8 45.89 48.32 5.35 0.44
SUNVALE I 19.8 26.8 112.7 44.42 48.89 6.07 0.62
PETRIE I 29.4 30.1 112.1 43.98 49.39 5.99 0.63
BANKS I 34.8 29.1 111.8 44.75 48.73 5.90 0.62
PELSART I 25.6 28.5 111.8 46.24 47.96 5.27 0.53
DIAMONDBIRD I 8.8 26.0 116.4 45.78 48.12 5.55 0.55
LANG I 23.6 28.9 115.1 44.84 48.72 5.81 0.63
MINTO I 29.2 31.1 113.9 43.95 49.40 6.00 0.66
BAXTER I 11.9 30.6 113.8 44.78 48.60 5.90 0.73
BANKS II 35.2 32.0 113.5 44.57 48.93 5.74 0.76
PETRIE II 34.1 30.2 111.2 44.83 48.67 5.77 0.73
BAXTER II 39.6 29.8 113.4 43.12 49.82 6.28 0.77
PELSART II 41.2 29.5 113.2 42.88 50.21 6.16 0.76
DIAMONDBIRD II 32.1 27.9 113.8 45.47 48.24 5.61 0.69
BATAVIA II 14.1 29.0 114.3 45.26 48.14 5.42 1.18
SM1028 II 58.3 34.9 118.1 45.37 48.63 5.31 0.69
SM1118 II 64.9 32.1 112.4 45.71 48.27 5.32 0.70
DIAMONDBIRD III 17.7 25.7 115.8 - - - -
SM1028 III 50.4 28.4 110.3 - - - -
MINTO III 32.5 28.9 113.1 43.19 48.68 7.12 1.01
MEERING III 44.6 29.0 114.3 45.72 45.48 7.55 1.25
SUNMIST III 36.7 27.6 117.3 45.51 46.37 7.02 1.09
SM1046 III 49.6 26.8 116.7 43.50 48.19 7.25 1.06
SUNVALE III 31.5 27.3 114.7 43.04 48.56 7.30 1.10
VASCO III 25.1 29.0 118.3 - - - -
LANG III 25.8 27.4 117.8 43.36 48.47 7.09 1.08
EGA HUME III 12.3 24.2 118.1 43.21 47.91 7.60 1.28
V306 III 52.6 28.6 113.7 42.40 48.13 7.93 1.54
OA24-328-1 III 55.0 29.7 114.2 42.92 48.37 7.54 1.17
OA24-328-2 III 42.8 30.0 118.0 45.99 46.56 6.71 0.75
OA24-328-3 III 40.6 29.5 118.8 41.47 49.46 7.84 1.23
OA24-198-2 III 49.6 29.1 117.6 42.28 49.04 7.52 1.17
OA24-198-3 III 58.5 29.5 112.6 - - - -  
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